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S U M M A R Y  
M A R C H A N T ,  J . W .  A  r e v i e w  o f  t h e  h i s t o r y  a n d  l i t e r a t u r e  o f  g r o u n d w a t e r  
h y d r o g e o c h e m i c a l  e x p l o r a t i o n  f o r  o r e s .  S u p p l e m e n t  
t o  P h . D .  t h e s i s ,  U n i v e r s i t y  o f  C a p e  T o w n ,  1 9 8 0 .  
A  r e v i e w  i s  g i v e n  o f  t h e  h i s t o r i c a l  d e v e l o p m e n t  a n d  c u r r e n t  s t a t u s  
o f  g r o u n d w a t e r  h y d r o g e o c h e m i c a l  e x p l o r a t i o n .  O v e r  o n e  t h o u s a n d  r e f e r e n c e s  
a r e  c i t e d .  T h e  r e v i e w  c o n c e n t r a t e s  p a r t i c u l a r l y  o n  t h e  s e a r c h  f o r  u r a n i u m  
a n d  b a s e  m e t a l s  a n d  t o  a  l e s s e r  d e g r e e  o n  t h e  l o c a t i o n  o f  o t h e r  t y p e s  o f  
m i n e r a l i z a t i o n .  T h e  q u e s t i o n s  o f  h y d r o g e o c h e m i c a l  p r o s p e c t i n g  f o r  
p e t r o l e u m  a n d  t h e  s i g n i f i c a n c e  t o  e x p l o r a t i o n  o f  t h e  i s o t o p i c  c o m p o s i t i o n  
o f  t h e  c o n s t i t u e n t s  o f  n a t u r a l  w a t e r s  a r e  n o t  e x a m i n e d  i n  d e t a i l .  
I t  i s  i n t e n d e d  t h a t  t h i s  r e v i e w  w i l l  s e r v e  a s  a n  e x p a n d e d  i n d e x  t o  
t h e  a v a i l a b l e  l i t e r a t u r e .  T h u s  i t  d o e s  n o t  t a k e  t h e  f o r m  o f  a  c o n v e n -
t i o n a l  r e v i e w  o r  t e x t b o o k ,  i n  t h a t  n o  a t t e m p t  i s  m a d e  t o  d r a w  o v e r a l l  
c o n c l u s i o n s  a b o u t  p a r t i c u l a r  c o n c e p t s ,  t e c h n i q u e s  o r  p r i n c i p l e s .  O n  t h e  
c o n t r a r y ,  t h e  o b j e c t i v e  o f  t h e  r e v i e w e r  h a s  b e e n  t o  s u m m a r i z e  t h e  
i n d i v i d u a l  w o r k s  a n d  v i e w s  o f  n u m e r o u s  a u t h o r s  i n  v a r i o u s  h i s t o r i c a l  
p e r i o d s ,  . a n d  t h e  r e a d e r  i s  l e f t  t o  d r a w  h i s  o w n  c o n c l u s i o n s  a n d  t o  u n d e r -
t a k e  a d d i t i o n a l  r e a d i n g  o f  p e r t i n e n t  o r i g i n a l  r e f e r e n c e  materi~l. 
T h e  a b o v e  n o t w i t h s t a n d i n g ,  i t  i s  s u g g e s t e d  t h a t  t h e  f u n d a m e n t a l  
n a t u r e  o f  t h e  s c i e n c e  o f  h y d r o g e o c h e m i c a l  e x p l o r a t i o n  c a n  b e  a d e q u a t e l y  
d e s c r i b e d  i n  t e r m s  o f  a  f e w  e s s e n t i a l  c h a r a c t e r i s t i c s :  
( A )  I t  i s  v e r y  m u c h  a n  a p p l i e d  s c i e n c e  a n d  i s  m o s t  f r e q u e n t l y  e m p l o y e d  
i n  d i r e c t  a n d  a g g r e s s i v e  s e a r c h e s  f o r  m i n e r a l  w e a l t h ,  r a t h e r  t h a n  i n  a n  
i v o r y  t o w e r  e n v i r o n m e n t .  M o s t  o f  t h e  d a t a  r e m a i n  u n p u b l i s h e d .  
( B )  I t  i s  h i g h l y  m u l t i - d i s c i p l i n a r y  s c i e n c e ,  w h i c h  h a s  c o n t i n u o u s l y  
a b s o r b e d  a n d  b e n e f i t t e d  f r o m  a d v a n c e s  i n  a  h o s t  o f  r e l a t e d  f i e l d s  s u c h  a s  
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c h e m i s t r y ,  g e o l o g y ,  p h y s i c s ,  h y d r o l o g y  a n d  a p p l i e d  m a t h e m a t i c s ,  a n d  f r o m  
n e w  t e c h n o l o g i c a l  d e v e l o p m e n t s  o f  a l l  k i n d s .  
( C )  I t  i s  a  s t r o n g l y  e m p i r i c a l  s c i e n c e .  A l t h o u g h  t h e  p r i n c i p l e s  a r e  
e v e r y w h e r e  t h e  s a m e ,  t h e  o p t i m u m  m e t h o d s  o f  a p p l y i n g  t h e m  o f t e n  v a r y  
s t r o n g l y  f r o m  o n e  a r e a  t o  a n o t h e r ,  a n d  g r e a t  a t t e n t i o n  i s  a l w a y s  p a i d  t o  
l o c a l  f e a t u r e s  o f  g e o l o g y ,  p h y s i c a l  h y d r o l o g y ,  q u a l i t y  o f  w a t e r ,  t o p o g r a p h y ,  
c l i m a t e ,  t y p e s  o f  o r e s ,  p r o b l e m s  o f  s a m p l i n g  a n d  c o n t a m i n a t i o n ,  e t c .  I n  
a l m o s t  e v e r y  i n s t a n c e  t h e  n a t u r e ,  m a g n i t u d e  a n d  e f f e c t  o f  t h e s e  v a r i a t i o n s  
m u s t  b e  d e t e r m i n e d  b y  e m p i r i c a l  o r i e n t a t i o n  s t u d i e s .  
T h e s e  t h r e e  c h a r a c t e r i s t i c s  a r e ,  i n  g e n e r a l ,  c o m m o n  t o  a l l  b r a n c h e s  
o f  g e o c h e m i c a l  e x p l o r a t i o n ,  b u t  t h e  h y d r o g e o c h e m i c a l  m e t h o d  h a s  t w o  o t h e r  
f e a t u r e s  t h a t  s e t  i t  a p a r t  a s  t h e  e n f a n t  t e r r i b l e  o f  t h e  g r o u p :  
( D )  E x t r e m e l y  m i n u t e  a m o u n t s  o f  e l e m e n t s  a r e  o f t e n  s o u g h t  i n  w a t e r  
s a m p l e s .  T h i s  i n v o l v e s  p a r t i c u l a r l y  s o p h i s t i c a t e d  a n d  p o t e n t i a l l y  t r o u b l e -
s o m e  p r o c e d u r e s  f o r  s a m p l e  c o l l e c t i o n  a n d  a n a l y s i s .  
( E )  T h e  ~ethod y i e l d s  r e s u l t s  t h a t  t e n d  t o  b e  p a r t i c u l a r l y  d i f f i c u l t  t o  
i n t e r p r e t  - t h i s  o w i n g  t o  t h e  h i g h  m o b i l i t y  a n d  r e a c t i v i t y  o f  w a t e r .  
T h e  f i r s t  ( i n t r o d u c t o r y )  p a r t  o f  t h e  t e x t  i s  v e r y  g e n e r a l  a n d  
e x a m 1 n e s  t h e  e m e r g e n c e  o f  g r o u n d w a t e r  p r o s p e c t i n g  a s  a  b r a n c h  o f  g e o -
c h e m i c a l  e x p l o r a t i o n .  H y d r o g e o c h e m i s t r y  i s  o n e  o f  t h e  o l d e s t  b r a n c h e s  
o f  m i n e r a l  e x p l o r a t i o n .  T h e  p r i n c i p l e s  i n v o l v e d  w e r e  c l e a r l y  u n d e r s t o o d  
b y  s i x t e e n t h  c e n t u r y  w r i t e r s  a n d  a  s p r i n k l i n g  o f  r e f e r e n c e s  t o  w a t e r  
s a m p l i n g  i n  p r o s p e c t i n g  i s  f o u n d  t h r o u g h o u t  w h a t  m i g h t  b e  t e r m e d  t h e  
' ' D a r k  A g e s "  o f  g e o c h e m i c a l  e x p l o r a t i o n  ( c .  1 6 0 0 - 1 9 3 2 ) .  H o w e v e r ,  h y d r o -
g e o c h e m i s t r y  w a s  a  s l o w  s t a r t e r  i n  t h e  " R e n a i s s a n c e "  < ? f  t h e  n i n e t e e n -
t h i r t i e s ,  a n d  i t  w a s  o n l y  a f t e r  1 9 3 9  t h a t  r e a l  i n t e r e s t  i n  t h e  m e t h o d  
r e a w a k e n e d .  G r o u n d w a t e r  h y d r o g e o c h e m i s t r y  b e c a m e  a  r e c o g n i z a b l y  s e p a r a t e  
b r a n c h  o f  t h e  a r t  o n l y  a f t e r  1 9 4 5 .  
' 
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T h e  s e c o n d  ( m a i n )  p a r t  o f  t h e  t e s t  i s  c o n c e r n e d  s p e c i f i c a l l y  w i t h  
t h e  l i t e r a t u r e  o f  g r o u n d w a t e r  h y d r o g e o c h e m i c a l  e x p l o r a t i o n  a n d  i s  s u b -
d i v i d e d  i n t o  s e v e r a l  s e c t i o n s ,  c o v e r i n g  v a r i o u s  h i s t o r i c a l  p e r i o d s .  T h e r e  
i s  a p p a r e n t l y  v e r y  l i t t l e  o f  s i g n i f i c a n c e  i n  t h e  l i t e r a t u r e  b e t w e e n  t h e  
a m a z i n g  w r i t i n g s  o f  A g r i c o l a  ( 1 5 4 6 )  a n d  t h o s e  o f  t h e  m o d e r n  p i o n e e r  
H e n n i g e r  ( 1 9 2 5 ) ,  w h o  a t t e m p t e d  t o  u s e  t h e  s u l p h u r  c o n t e n t  o f  b r i n e s  a s  
a n  e x p l o r a t i o n  g u i d e  t o  p e t r o l e u m .  N e v e r t h e l e s s  n u m e r o u s  i n d i r e c t  
a d v a n c e s ,  w h i c h  w o u l d  l a t e r  s e r v e  a s  a  f o u n d a t i o n ,  w e r e  m a d e  i n  m a n y  
r e l a t e d  d i s c i p l i n e s ,  v i z :  a n a l y t i c a l  t e c h n i q u e s ,  s t u d i e s  o f  t h e  c o m p o s i -
t i o n s  o f  n a t u r a l  w a t e r s ,  p r i n c i p l e s  o f  w a t e r / r o c k  i n t e r a c t i o n  a n d  t h e  
d e v e l o p m e n t  o f  t h e  m a i n  c o n c e p t s  o f  t h e  s c i e n c e  o f  g e o c h e m i s t r y .  O f  
n o t a b l e  i m p o r t a n c e  h e r e  a r e  t h e  e a r l y  i n v e s t i g a t i o n s  o f  t h e  r a d i o a c t i v i t y  
o f  s p r i n g  w a t e r s  ( c .  1 9 0 5 - 1 9 4 0 ) ,  a n d  t h e  p i o n e e r i n g  w o r k s  o f  V o g t  ( 1 9 3 9 ) ,  
F e i g e l s o n  ( 1 9 4 0 )  a n d  M i h a l i c  ( 1 9 4 0 ) .  R e a l  e x p a n s i o n  o f  t h e  l i t e r a t u r e  
o f  g r o u n d w a t e r  h y d r o g e o c h e m i c a l  e x p l o r a t i o n  b e g a n  a f t e r  1 9 4 8 .  I n  t h e  
p e r i o d  1 9 4 9 - 1 9 5 2  J a p a n e s e  p i o n e e r s  w e r e  v e r y  a c t i v e  a n d  i n  t h e  W e s t  
c l a s s i c  p a p e r s  w e r e  p u b l i s h e d  b y  a u t h o r s  s u c h  a s  H a w k e s ,  W e b b ,  H u f f  a n d  
L o v e r i n g .  M o s t  o f  t h i s  a c t i v i t y  w a s  d i r e c t e d  t o w a r d s  f i n d i n g  b a s e  m e t a l s .  
S t e a d y  g r o w t h  c o n t i n u e d  d u r i n g  1 9 5 3 - 4  a n d  m a n y  W e s t e r n  w o r k e r s  b e g a n  t o  
t a k e  a n  i n t e r e s t  i n  t h e  h y d r o g e o c h e m i s t r y  o f  u r a n i u m .  T h e  J a p a n e s e  
s t u d i e s  p r o c e e d e d  b u t  v e r y  f e w  p a p e r s  f r o m  t h e  S o v i e t  U n i o n  r e a c h e d  t h e  
W e s t .  N e v e r t h e l e s s  i t  i s  o b v i o u s  t h a t  R u s s i a n  s c i e n t i s t s  w e r e  e n g a g e d  1 n  
a  g o o d  d e a l  o f  f u n d a m e n t a l  r e s e a r c h .  B y  1 9 5 5 - 7  t h e  f l o w  o f  t r a n s l a t e d  
R u s s i a n  l i t e r a t u r e  h a d  i n c r e a s e d  g r e a t l y  a n d  i t  i s  c l e a r  t h a t  t h e  S o v i e t s  
w e r e  w o r l d  l e a d e r s  i n  t h e  f i e l d  b y  t h a t  t i m e ,  e s p e c i a l l y  i n  t h e  s e a r c h  f o r  
b a s e  m e t a l s .  I n  th~ W e s t  d u r i n g  t h i s  p e r i o d  t h e r e  w a s  a  g r e a t  i n c r e a s e  i n  
t h e  a p p l i c a t i o n  o f  t h e  h y d r o g e o c h e m i c a l  m e t h o d  i n  p r o s p e c t i n g  f o r  u r a n i u m .  
T h u s ,  b y  1 9 5 7 ,  g r o u n d w a t e r  h y d r o g e o c h e m i c a l  e x p l o r a t i o n  w a s  f i r m l y  
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e s t a b l i s h e d  a s  a  m o d e r n  s c i e n c e .  B e t w e e n  1 9 5 8  a n d  1 9 6 2  h u n d r e d s  o f  p a p e r s  
o n  t h i s  s u b j e c t  a p p e a r e d ,  b o t h  i n  t h e  E a s t  a n d  t h e  W e s t .  A g a i n ,  t h e  
s e a r c h  f o r  u r a n i u m  a n d  b a s e  m e t a l s  p r e d o m i n a t e d ,  b u t  i m p o r t a n t  a d v a n c e s  
w e r e  m a d e  i n  u s i n g  g r o u n d w a t e r  s a m p l i n g  t o  l o c a t e  a  h o s t  o f  o t h e r  m i n e r a l  
s u b s t a n c e s .  N o t a b l e  a t t e m p t s  w e r e  m a d e  t o  m a k e  t h e  s c i e n c e  m o r e  r i g o r o u s  
t h r o u g h  s t u d i e s  o f  E h - p H ,  s o l u t i o n  e q u i l i b r i a  a n d  r e a c t i o n  k i n e t i c s .  
T h e  " c u r r e n t  m o d e r n  p e r i o d "  o f  t h e  s c i e n c e  i s  c o n s i d e r e d  t o  b e  f r o m  
1 9 6 3  t o  1 9 7 8 .  M a n y  h u n d r e d s  o f  p a p e r s  a n d  r e p o r t s  a p p e a r e d  d u r i n g  t h e s e  
y e a r s  a n d  t h o s e  t h a t  a r e  r e v i e w e d  i n  t h i s  w o r k  a r e  g r o u p e d  i n t o  e i g h t  
c a t e g o r i e s :  
( 1 )  R e v i e w s  a n d  o v e r v i e w s  ( 2 )  M e t h o d o l o g y ,  s a m p l i n g ,  c o n t a m i n a t i o n  
p r o b l e m s ,  a n a l y s i s ,  d a t a  h a n d l i n g ,  i n t e r p r e t a t i o n  ( 3 )  H y d r o g e o l o g y ,  w a t e r -
r o c k  i n t e r a c t i o n ,  p H / E h ,  c o m p l e x  i o n  f o r m a t i o n  ( 4 )  O r g a n i c  m a t t e r ,  g a s e s ,  
p a r t i c u l a t e  m a t t e r ,  t h e r m a l / m i n e r a l  w a t e r s  ( 5 )  A n i o n s ,  h a l o g e n s ,  s u l p h a t e ,  
b o r o n ,  a l k a l i  m e t a l s ,  a l k a l i n e  e a r t h s .  ( 6 )  S o m e  l e s s  c o m m o n l y  s o u g h t  
e l e m e n t s :  A s ,  V ,  C d ,  S e ,  T e ,  S b ,  S n ,  A g ,  A u ,  H g  ( 7 )  T h e  c o m m o n  b a s e  
m e t a l s ,  s u l p h i d e  b o d i e s ,  p o l y m e t a l l i c  o r e s ,  c o p p e r / m o l y b d e n u m  p o r p h y r y  
b o d i e s  ( 8 )  U r a n i u m  a n d  a s s o c i a t e d  e l e m e n t s .  
T h e  m o s t  i m p o r t a n t  d e v e l o p m e n t  o f  t h i s  m o d e r n  p e r i o d  h a s  b e e n  t h e  
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o f  r e s e a r c h  i n  g r o u n d w a t e r  hydrogeoch~mical e x p l o r a t i o n .  
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1 .  
" N o w  I  w i l l  d i s c u s s  t h a t  k i n d  o f  m i n e r a l s  f o r  w h i c h  i t  i s  
n o t  n e c e s s a r y  t o  d i g ,  b e c a u s e  t h e  f o r c e  o f  w a t e r  c a r r i e s  t h e m  
o u t  o f  t h e  v e i n s .  O f  t h e s e  t h e r e  a r e  t w o  k i n d ,  m i n e r a l s  -
a n d  t h e i r  f r a g m e n t s  - a n d  j u i c e s .  W h e n  t h e r e  a r e  s p r i n g s  a t  
t h e  o u t c r o p  o f  t h e  v e i n s  f r o m  w h i c h ,  a s  I  h a v e  a l r e a d y  s a i d ,  
t h e  a b o v e m e n t i o n e d  p r o d u c t s  a r e  e m i t t e d ,  t h e  m i n e r  s h o u l d  
c o n s i d e r  t h e s e  f i r s t ,  t o  s e e  w h e t h e r  t h e r e  a r e  m e t a l s  o r  g e m s  
m i x e d  w i t h  t h e  s a n d ,  o r  w h e t h e r  t h e  w a t e r s  d i s c h a r g e d  a r e  
f i l l e d  w i t h  j u i c e s .  I n  c a s e  m e t a l s  o r  g e m s  h a v e  s e t t l e d  i n  
t h e  p o o l  o f  t h e  s p r i n g ,  n o t  o n l y  s h o u l d  t h e  s a n d  f r o m  i t  b e  
w a s h e d ,  b u t  a l s o  t h a t  f r o m  t h e  s t r e a m s  w h i c h  f l o w  f r o m  t h e s e  
s p r i n g s ,  a n d  e v e n  f r o m  t h e  r i v e r  i t s e l f  i n t o  w h i c h  t h e y  a g a i n  
d i s c h a r g e .  I f  t h e  s p r i n g s  d i s c h a r g e  w a t e r  c o n t a i n i n g  s o m e  
j u i c e ,  t h i s  a l s o  s h o u l d  b e  c o l l e c t e d ;  t h e  f u r t h e r  s u c h  a  s t r e a m  
h a s  f l o w e d  f r o m  t h e  s o u r c e ,  t h e  m o r e  i t  r e c e i v e s  p l a i n  w a t e r  
a n d  t h e  m o r e  d i l u t e d  d o e s  i t  b e c o m e ,  a n d  s o  m u c h  t h e  m o r e  
d e f i c i e n t  i n  s t r e n g t h .  I f  t h e  s t r e a m  r e c e i v e s  n o  w a t e r  o f  
a n o t h e r  k i n d ,  o r  s c a r c e l y  a n y ,  n o t  o n l y  t h e  r i v e r s ,  b u t  l i k e -
w i s e  t h e  l a k e s  w h i c h  r e c e i v e  t h e s e  w a t e r s ,  a r e  o f  t h e  s a m e  
n a t u r e  a s  t h e  s p r i n g s ,  a l ' t d  s e r v e  t h e  s a m e  u s e s . "  A n d  f u r t h e r  
1  
" T h e  w a t e r s  o f  s p r i n g s  t a s t e  a c c o r d i n g  t o  t h e  j u i c e  t h e y  c o n -
t a i n ,  a n d  t h e y  d i f f e r  g r e a t l y  i n  t h i s  r e s p e c t .  T h e r e  a r e  s i x  
k i n d s  o f  t h e s e  t a s t e s  w h i c h  t h e  w o r k e r  e s p e c i a l l y  o b s e r v e s  
a n d  e x a m i n e s ;  t h e r e  i s  t h e  s a l t y  k i n d ,  w h i c h  s h o w s  t h a t  s a l t  
m a y  b e  o b t a i n e d  b y  e v a p o r a t i o n ;  t h e  n i t r o u s ,  w h i c h  i n d i c a t e s  
s o d a ;  t h e  a l u m i n o u s  k i n d ,  w h i c h  i n d i c a t e s  a l u m ;  t h e  v i t r i o l i n e ,  
w h i c h  i n d i c a t e s  v i t r i o l ;  t h e  s u l p h u r o u s  k i n d ,  w h i c h  i n d i c a t e s  
s u l p h u r ;  a n d  a s  f o r  t h e  b i t u m i n o u s  j u i c e ,  o u t  o f  w h i c h  b i t u m e n  
i s  m e l t e d  d o w n ,  t h e  c o l o u r  i t s e l f  p r o c l a i m s  i t  t o  t h e  w o r k e r  
w h o  i s  e v a p o r a t i n g  i t . "  
A G R I C O L A ,  ( 1 5 4 6 / 6 8 9 / )  
" D e  R e  M e t a l l i c a " ,  B A S E L .  
2 .  
1 .  F O R E W O R D  
G r o u n d w a t e r  h y d r o g e o c h e m i c a l  p r o s p e c t i n g  c a n n o t  b e  v i e w e d  a s  a n  
i s o l a t e d  s u b j e c t .  O n  t h e  c o n t r a r y ,  i t  c a n  b e  p r o p e r l y  u n d e r s t o o d  o n l y  
i n  t h e  c o n t e x t  o f  t h e  d e v e · l o p m e n t  o f  e x p l o r a t i o n  g e o c h e m i s t r y  a s  a  
w h o l e ,  a n d  e s p e c i a l l y  o f  t h e  a r t  o f  h y d r o g e o c h e m i c a l  p r o s p e c t i n g  i n  
g e n e r a l .  T h i s  r e v i e w  w i l l  t h e r e f o r e  h a v e  a n  h i s t o r i c a l  e m p h a s i s  a n d  
w i l l  p r o c e e d  m o r e  o r  l e s s  c h r o n o l o g i c a l l y  f r o m  t h e  e a r l i e s t  r e c o r d s  
t o  t h e  p r e s e n t  l i t e r a t u r e ,  b e g i n n i n g  w i t h  t h e  d e v e l o p m e n t  o f  b a s i c  
e x p l o r a t i o n  p r i n c i p l e s ,  p r o c e e d i n g  t o  t h e  e m e r g e n c e  o f  h y d r o g e o c h e m i s t r y  
a s  a  b r a n c h  o f  t h e  a r t ,  a n d  f i n a l l y  n a r r o w i n g  d o w n  t o  a  c o n s i d e r a t i o n  
o f  v e r y  s p e c i a l i s e d  m o d e r n  p u b l i c a t i o n s  d e a l i n g  w i t h  t h e  d e t e c t i o n  a n d  
l o c a t i o n  o f  o r e b o d i e s  t h r o u g h  c h e m i c a l  a n a l y s i s  o f  s . u b t e r r a n e a n  w a t e r s .  
I n  t h i s  r e v i e w  a  r e f e r e n c e  t o  a n y  p u b l i c a t i o n  i s  e n c l o s e d  i n  
s l a s h e s ;  t h u s  / 4 9 /  m e a n s  " r e f e r  t o  i t e m  n u m b e r  4 9  i n  t h e  r e f e r e n c e  
l i s t " .  W h e r e  i t  i s  c o n s i d e r e d  a p p r o p r i a t e ,  t h e  a u t h o r  m a y  b e  c i t e d ,  
e . g .  T h o m p s o n  / 4 2 2 / ,  o r  b o t h  t h e  a u t h o r  a n d  t h e  y e a r  o f  p u b l i c a t i o n  
m a y  b e  g i v e n ,  e . g .  Levins~n ( 1 9 7 4 / 5 1 / ) . ·  
H a n y  f i g u r e s  a n d  t a b l e s  h a v e  b e e n  r e p r o d u c e d  f r o m  t h e  c i t e d  
r e f e r e n c e s .  I n  m o s t  c a s e s  t h e  o r i g i n a l  n u m b e r i n g  o f  t h e s e  f i g u r e s  
a n d  t a b l e s  h a s  . b e e n  r e t a i n e d .  A n y  s u c h  f i g u r e s  o r  t a b l e s  w i l l  b e  
f o u n d  o n  t h e  p a g e  o r  p a g e s  i m m e d i a t e l y  f o l l o w i n g  t h e  f i r s t  r e f e r e n c e  
m a d e  t o  t h e m  i n  t h e  t e x t  o f  t h i s  r e v i e w .  
3 .  
2 .  I N T R O D U C T I O N  
T h e  m o s t  i m p o r t a n t  o b s e r v a t i o n  e m e r g i n g  f r o m  t h e  l i t e r a t u r e  o n  
g r o u n d w a t e r  h y d r o g e o c h e m i c a l  p r o s p e c t i n g  i s  t h e  e m p h a s i s  o n  a n  
e m p i r i c a l  a p p r o a c h  t o  t h e  s u b j e c t .  T h e r e  i s  n o  o n e  e l e m e n t  o r  g r o u p  
o f  e l e m e n t s  o r  a n y  s e t  p r o c e d u r e ,  n o  i d e e  fixe~ t h a t  h a s  u n i v e r s a l  
a p p l i c a b i l i t y .  E a c h  a r e a  w i l l  h a v e  i t s  o w n  c h a r a c t e r i s t i c  g e o l o g y ,  
p h y s i c a l  h y d r o l o g y ,  w a t e r  q u a l i t y ,  t o p o g r a p h y ,  c l i m a t e ,  o r e  t y p e s ,  
p r o b l e m s  o f  s a m p l i n g  a n d  c o n t a m i n a t i o n ,  e t c .  t h a t  w i l l  d i c t a t e  t h e  
s p e c i a l  f o r m u l a  f o r  a  s u c c e s s f u l  a p p r o a c h  t o  a  g r o u n d w a t e r  h y d r o g e o -
'  
c h e m i c a l  p r o s p e c t i n g  p r o g r a m m e  i n  t h a t  a r e a .  T h i s  f o r m u l a  w i l l  a l m o s t  
n e v e r  b e  t r a n s f e r a b l e  t o  a  d i f f e r e n t  t y p e - a r e a  w i t h o u t  s o m e  ( u s u a l l y  
s u b s t a n t i a l )  m o d i f i c a t i o n .  I n  h i s  r e c e n t  a s s e s s m e n t  o f  t h e  s t a t e  o f  
t h e  a r t ,  L e v i n s o n  ( 1 9 7 4 / 5 1  p .  1 5 5 /  w r i t e s  
" C l e a r l y ,  t h e  m o b i l i t y  o f  e l e m e n t s  i n  g r o u n d w a t e r  
c a n n o t  a l w a y s  b e  p r e d i c t e d  o r  e x p l a i n e d  s o l e l y  
o n  t h e  b a s i s  o f  p H  a n d  E h ,  a s  o t h e r  n a t u r a l  
p h e n o m e n a  a r e  i m p o r t a n t ,  p a r t i c u l a r l y  o n  a  l o c a l  
l e v e l " .  
A n d  a g a i n  / 5 1  p .  1 6 0 /  
" C l e a r l y ,  t h e  r e c o g n i t i o n  o f  a n o m a l o u s  m e t a l  v a l u e s  i n  
g r o u n d w a t e r  i s  n o t  a  s i m p l e  p r o c e s s ,  b u t  r a t h e r  o n e  
w h i c h  r e q u i r e s  c a r e f u l  a t t e n t i o n  t o  a l l  t h e  l o c a l  
a n d  g e o c h e m i c a l  p a r a m e t e r s  a n d ,  i d e a l l y ,  a c c e s s  t o  
a  c o n s i d e r a b l e  a m o u n t  o f  r e l i a b l e  d a t a " .  
I t  i s  d i f f i c u l t  t o  i s o l a t e  t h e  o r i g i n  o f  t h e  c o n c e p t s  o f  g r o u n d -
w a t e r  h y d r o g e o c h e m i c a l  p r o s p e c t i n g  b e c a u s e  t h e y  a r e  s o  i n t r i c a t e l y  
r o o t e d  i n  t h e  f u n d a m e n t a l s  o f  g e o l o g y ,  s o i l  s c i e n c e ,  t h e o r e t i c a l  
g e o c h e m i s t r y ,  t h e o r e t i c a l  a n d  a p p l i e d  e x p l o r a t i o n  g e o c h e m i s t r y ,  h y d r o -
l o g y , ·  t h e o r e t i c a l  c h e m i s t r y  a n d  t h e o r e t i c a l  a n d  a p p l i e d  a n a l y t i c a l  
4 .  
c h e m i s t r y .  T h u s  i t  i s  n o t  e a s y  t o  f i n d  b a s i c  t e n e t s  a p p l y i n g  t o  o r  
p r o c e d u r e s  u s e d  i n  g r o u n d w a t e r  p r o s p e c t i n g  t h a t  w e r e  d e v e l o p e d  i n  
p r > i n o i p i o  f o r  a p p l i c a t i o n  t o  s u c h  m e t h o d s  o f  g e o c h e m i c a l  e x p l o r a t i o n .  
N a t u r a l l y ,  i t  i s  b e y o n d  t h e  s c o p e  o f  t h i s  v o l u m e  t o  r e v i e w  t h e  h i s t o r y  
*  
o f  a l l  t h e  s e p a r a t e  f i e l d s  o f  k n o w l e d g e  t h a t  a r e  m e n t i o n e d  a b o v e .  I n  
t h e  f o l l o w i n g  a s s e s s m e n t  o f  t h e  d e v e l o p m e n t  o f  g r o u n d w a t e r  p r o s p e c t i n g  
t e c h n i q u e s ,  r e f e r e n c e s  t o  e s s e n t i a l  p a r a l l e l  a d v a n c e s  i n  t h e s e  a s s o -
c i a t e d  d i s c i p l i n e s  w i l l  b e  m a d e  o n l y  w h e r e  t h e y  a r e  p e r t i n e n t .  
I n  t h e  n e x t  s e c t i o n  w e  w i l l  l o o k  b r i e f l y  a t  t h e  o v e r a l l  h i s t o r i c a l  
a d v a n c e  o f  g r o u n d w a t e r  p r o s p e c t i n g  a s  a  s u b - d i s c i p l i n e  o f  g e o c h e m i c a l  
e x p l o r a t i o n  i n  g e n e r a l .  I n  S e c t i o n  4 ,  w h i c h  f o l l o w s  o n ,  w e  w i l l  
e x a m i n e  s o m e  o f  t h e  k e y  p u b l i c a t i o n s  o n  g r o u n d w a t e r  h y d r o g e o c h e m i c a l  
p r o s p e c t i n g  a n d  p e r t i n e n t  r e l a t e d  s u b j e c t s .  
*  '  
O f  t h e  a b o v e m e n t i o n e d  t o p i c s ,  h y d r o l o g y  i s  m o s t  o f t e n  t e r r a  i n c o g n i t a  
t o  t h e  g e o c h e 1 n i s t .  A n  e x c e l l e n t  i n t r o d u c t o r y  a c c o u n t  ( w i t h  b i b l i o g r a p h y )  
o f  m a n y  h y d r o l o g i c a l  t o p i c s  ( a n d  i n d e e d  o f  m a n y  s u b j e c t s  r e l e v a n t  t o  
g r o u n d " t - 7 a t e r  p i r o s p e c t i n g )  i s  g i v e n  i n  T h e  E n c y c l o p e d i a  o f  G e o c h e m i s t r y  
a n d  E n v i  r o n m e l 1 t a l  S c i e n c e  / 6 1 / .  T h r e e  a d d i t i o n a l  u s e f u l  t e x t s  a r e  
t h o s e  b y  Davi~ a n d  D e  W i e s t  / 6 2 / ,  D e  W i e s t  / 6 3 /  a n d  H e a t h  a n d  T r a i n e r  
/ 6 4 / .  
5 .  
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A  B R I E F  H I S T O R I C A L  S K E T C H  
O F  T H E  E M E R G E N C E  O F  .  G R O U N D W A T E R  
P R O S P E C T I N G  A S  A  B R A N C H  O F  G E O C H E M I C A L  E X P L O R A T I O N  
I f  o n e  a d o p t s  t h e  c o m m o n  p r a c t i c e  o f  i n c l u d i n g  g e o b o t a n y  a s  a  
b r a n c h  o f  g e o c h e m i c a l  e x p l o r a t i o n ,  t h e n  t h e  e a r l i e s t  e x p o n e n t s  o f  
t h i s  a r t  w e r e  a p p a r e n t l y  t h e  C h i n e s e ,  w h o  b y  t h e  8 t h  o r  9 t h  c e n t u r y  
A . D .  h a d  i d e n t i f i e d  a n d  w e r e  u t i l i s i n g  c e r t a i n  i n d i c a t o r  p l a n t s  a s s o -
c i a t e d  w i t h  d e p o s i t s  o f  s i l v e r ,  g o l d ,  c o p p e r  a n d  t i n  / 5 9 ,  5 1 / .  
A l t h o u g h  n o t  s o  a n c i e n t ,  t h e  i d e a  o f  u s i n g  u n d e r g r o u n d  w a t e r  a s  
a  g u i d e  t o  h i d d e n  o r e  i s  c e r t a i n l y  h u n d r e d s  o f  y e a r s  o l d .  O n e  o f  t h e  
e a r l i e s t  w r i t t e n  r e f e r e n c e s  t o  g e o c h e m i c a l  p r o s p e c t i n g ,  b y  A g r i c o l a  
( 1 5 4 6 * / 6 8 9 / ,  t r a n s l a t e d  b y  H o o v e r  a n d  H o o v e r ,  1 9 1 2 / 6 9 0 / ,  q u o t e d  b y  
B o y l e  / 5 9 /  a n d  L e v i n s o n  / 5 1 / ) ,  d e a l s  w i t h  t h e  c h e m i c a l  a n a l y s i s  o f  
s p r i n g  w a t e r .  I t  i s  c l e a r  f r o m  t h i s  q u o t a t i o n  ( s e e  p a g e  1  o f  t h i s  
r e v i e w )  t h a t  A g r i c o l a  u n d e r s t o o d  t h e  p r i n c i p l e s  o f  e x p l o r a t i o n  h y d r o -
· g e o c h e m i s t r y .  H i s  a p p r o a c h  w a s  n o t  f u n d a m e n t a l l y  d i f f e r e n t  f r o m  o u r s  -
o n l y  t h e  t e c h n o l o g y  h a s  c h a n g e d .  
A n  e v e n  e a r l i e r  w o r k  b y  B i r i n g u c c i o  ( 1 5 4 0 * * / 6 9 1 / ,  q u o t e d  b y  H a w k e s  
/ 5 3 / )  d e a l s  w i t h  t h e  a n a l y s i s  o f  t h e  d i s s o l v e d  a n d / o r  p r e c i p i t a t e d / s u s -
p e n d e d  f r a c t i o n s  o f  n a t u r a l  f r e s h  w a t e r s ,  b u t  t h e  q u o t a t i o n  i s  n o t  
*  L e v i n s o n  r e f e r s  t o  " A g r i c o l a ' s  " D e  R e  M e t a l l i c a "  f i r s t  p u b l i s h e d  
i n  1 5 4 6  i n  B a s e l  . . . . .  " .  K e r r ,  w r i t i n g  u n d e r  t h e  t i t l e  " U n i t e d  N a t i o n s "  
· / 6 5 5 ,  p .  5 8 / ,  r e f e r s  t o  " G e o r g i u s  A g r i c o l a  d e  r e  m e t a l l i c a :  t r a n s .  f r o m  
t h e  f i r s t  L a t i n  e d i t i o n  o f  1 5 5 6 ,  L o n d o n  . . . . . .  "  
* *  H a w k e s  d e s c r i b e s  B i r i n g u c c i o ' s  t e x t  a s  " p r o b a b l y  t h e  f i r s t  w r i t t e n  
r e c o r d  o f  t h e  u s e  o f  c h e m i c a l  a n a l y s e s  i n  p r o s p e c t i n g  . . . . .  "  
n o t  c l e a r  w h e t h e r  t h e  e a r l i e s t  C h i n e s e  r e c o r d s  a r e  e x t a n t .  
I t  i s  
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v e r y  s p e c i f i c *  a b o u t  t h e  s o u r c e  o f  t h e  w a t e r .  
A f t e r  t h i s  r e m a r k a b l y  e a r l y  s t a r t ,  n o t h i n g  o f  n o t e  h a p p e n e d  i n  
t h e  f i e l d  o f  g e o c h e m i c a l  p r o s p e c t i n g  g e n e r a l l y  f o r  m o r e  t h a n  t h r e e  
h u n d r e d  y e a r s ,  a l t h o u g h  t h e r e  a r e  a  f e w  s c a t t e r e d  w r i t t e n  r e f e r e n c e s  
t o  c h e m i c a l  o r  b i o g e o c h e m i c a l  m e t h o d s  o f  e x p l o r a t i o n  f r o m  t h i s  p e r i o d ,  
e s p e c i a l l y  a f t e r  1 6 0 0  / 5 1 / .  F r o m  t h e  1 8 9 0 ' s  t o  1 9 3 2  a  h a n d f u l  o f  
" m o d e r n "  p a p e r s  ( f o r  e x a m p l e  / 5 3 ,  7 9 ,  1 5 4 ,  3 5 8 - 6 2 ,  3 9 0 ,  4 1 4 / ;  s e e  
a l s o  H a w k e s  / 1 1 8 / )  a p p e a r e d  w h i c h  w e  c a n  r e g a r d  a s  b e i n g  a b o u t ,  o r  
d i r e c t l y  r e l a t e d  t o ,  g e o c h e m i c a l  p r o s p e c t i n g  / 5 7 / .  M a n y  o f  t h e m  n o t e d  
r e l a t i o n s h i p s  b e t w e e n  g e o l o g y  a n d  v e g e t a t i o n  a n d  V y s o t z k i i  / 3 6 2 /  u s e d  
t h e  t e r m  " g e o b o t a n i c a l  m e t h o d s "  a s  e a r l y  a s  1 9 0 4 .  
T h e  i m p a c t  o f  t h e s e  d e v e l o p m e n t s  w a s  a p p a r e n t l y  n o t  v e r y  g r e a t .  
F o r  e x a m p l e ,  F e r s m a n  / 5 4 / ,  i n  h i s  c l a s s i c  b o o k  r e v i e w i n g  t h e  a d v a n c e  o f  
S o v i e t  g e o c h e m i s t r y  u p  t o  1 9 3 4 ,  m a k e s  o n l y  o n e  p a s s i n g  r e f e r e n c e  t o  
p r o s p e c t i n g ,  w h i c h  h e  t e r m s  " a p p l i e d  g e o c h e m i s t r y " .  M o r e o v e r ,  a m o n g s t  
t h e s e  p i o n e e r i n g  w o r k s  r e f e r e n c e  t o  g r o u n d w a t e r  i s  c o n s p i c u o u s  b y  i t s  
a b s e n c e .  T h i s  i s  n o t  t o  s a y  t h a t  t h e r e  w a s  n o  i n t e r e s t  i n  t h e  c h e m i s t r y  
o f  g r o u n d w a t e r  f o r  o t h e r  p u r p o s e s ,  p r i n c i p a l l y  t h o s e  o f  a g r i c u l t u r a l  
a n d  d o m e s t i c  w a t e r  s u p p l y ,  a n d  m a n y  a n a l y s e s  o f  g r o u n d w a t e r s  a n d  o t h e r  
n a t u r a l  w a t e r s  c a n  b e  f o u n d  i n  t h e  l i t e r a t u r e  p r i o r  t o  1 9 4 0  ( f o r  e x a m p l e  
/ 1 4 2 - 5 / ) .  A l t h o u g h  v e r y  f e w  o f  t h e s e  c a n  b e  c o n s i d e r e d  t o  b e  i n  a n y  
*  T h e  r e f e r e n c e  i s  t o  " c e r t a ' i n  r e s i d u e s  t h a t  w a t e r s  m a k e  w h e r e  t h e y  
a r e  s t i l l ,  a n d  a f t e r  h a v i n g  s t o o d  f o r  s e v e r a l  d a y s ,  f r e q u e n t l y  w a r m e d  
b y  t h e  r a y s  o f  t h e  s u n  . . . . •  " .  T h e  r e m a i n d e r  o f  t h e  q u o t a t i o n  m a k e s  
i t  d i f f i c u l t  t o  d e c i d e  w h e t h e r  B i r i n g u c c i o  i s  t a l k i n g  a b o u t  i n  s i t u  
s t a n d i n g  s u : r f a c e  w a t e r s  ( e . g .  l a k e s )  o r  a b o u t  t h e  r e s i d u e s  l e f t  b y  
a n y  n a t u r a l  w a t e r  t h a t  i s  a l l o w e d  t o  s t a n d  q u i e t l y  i n  t h e  s u n  a f t e r  
c o l l e c t i o n .  
7  , ,  
w a y  r e l a t e d *  t o  p r o s p e c t i n g ,  i n  s o m e  i n s t a n c e s ,  w h e r e  a n a l y t i c a l  m e t h o d s  
w e r e  d e v e l o p e d  a n d  t h e  g e o c h e m i s t r y  o f  m i n e  w a t e r s  i n v e s t i g a t e d  ( e . g .  
/ 1 7 7 - 8 0 / ) ,  a n  i m p o r t a n t  f o u n d a t i o n  w a s  t h u s  l a i d .  
B e t w e e n  1 9 3 2  a n d  1 9 3 9  g e o c h e m i c a l  e x p l o r a t i o n  e m e r g e d  a s  a  " r e c o g -
n i z e d "  s c i e n c e ,  f i r s t  i n  t h e  U . S . S . R .  a n d  s h o r t l y  t h e r e a f t e r  i n  S c a n d a n a v -
i a ,  C a n a d a  a n d  t h e  U . S . A .  / 4 9 ,  5 1 ,  5 3 / ,  s o  t h a t  o n l y  f i v e  o r  s i x  y e a r s  
a f t e r  h i s  p e r f u n c t o r y  c o m m e n t  a b o u t  a p p l i e d  g e o c h e m i s t r y  F e r s m a n  h a d  
p r o d u c e d  ( i n  R u s s i a n )  w o r k s  e n t i t l e d  " G e o c h e m i c a l  a n d  M i n e r a l o g i c a l  
M e t h o d s  o f  P r o s p e c t i n g  f o r  M i n e r a l  D e p o s i t s "  / 3 6 6 /  a n d  " G e o c h e m i c a l  a n d  
M i n e r a l o g i c a l  M e t h o d s  o f  P r o s p e c t i n g  f o r  U s e f u l  M i n e r a l s "  / 8 1 / .  T h e s e  
w e r e  c o m p l i m e n t e d  b y  t h e  f i r s t  o f  w h a t  m i g h t  b e  l o o s e l y  t e r m e d  " s u m m a r i e s "  
o r  n r e v i e w s "  o f  g e o c h e m i c a l  e x p l o r a t i o n  ( e . g .  / 8 5 ,  3 6 5 ,  3 8 8 - 9 / ) .  A s  h a d  
b e e n  t h e  c a s e  w i t h  t h e  p u b l i c a t i o n s  o f  t h e  f i r s t  · t h i r d  o f  t h e  c e n t u r y ,  
m u c h  o f  t h e  w o r k  o f  t h i s  p e r i o d  w a s  b i o g e o c h e m i c a l  o r  g e o b o t a n i c a l ,  
w i t h  s o m e  l i t h o g e o c h e m i c a l  a n d  p e d o g e o c h e m i c a l  r e p o r t s .  O n c e  a g a i n  
p a p e r s  r e l a t e d  t o  h y d r o g e o c h e m i c a l  p r o s p e c t i n g  g e n e r a l l y ,  a n d  g r o u n d w a t e r  
p r o s p e c t i n g  s p e c i f i c a l l y ,  a r e  a l l  b u t  a b s e n t .  
*  T h i s  t r e n d  c o n t i n u e s  t o d a y .  A l t h o u g h  i t  i s  d i f f i c u l t  t o  e x t r a c t  e x a c t  
f i g u r e s ,  i t  i s  a l m o s t  c e r t a i n  t h a t  l e s s  t h a n  1 %  o f  m o d e r n  a n a l y s e s  o f  
g r o u n d w a t e r  a r e  f o r  p u r p o s e s  o f  m i n e r a l  e x p l o r a t i o n .  T o d a y  i n t e r e s t  i n  
g r o u n d w a t e r  c o m p o s i t i o n  ( i n c l u d i n g  f r e s h  i n t e r s t i t i a l  w a t e r s )  e x t e n d s  t o  
a d d i t i o n a l  f i e l d s  o f  s t u d y  s u c h  a s  p o l l u t i o n  / 1 4 6 ,  3 1 0 / ,  m i l i t a r y  a p p l i c a t -
i o n s  / 1 4 7 /  a n d  t h e o r e t i c a l  g e o c h e m i s t r y  a n d  g e o l o g y  / S O ,  1 4 9 ,  2 2 8 ,  6 6 1 / .  
H y d r o l o g i s t s  a n d  w a t e r  s u p p l y  e n g i n e e r s  i n  p a r t i c u l a r  a r e  f r e q u e n t l y  c o n -
c e r n e d  w i t h  a n a l y s e s  o f  g r o u n d w a t e r  t o  e s t a b l i s h  p o t a b i l i t y .  F e r r i s  a n d  
S a y r e  ( 1 9 5 5 / 6 2 7 / )  h a v e  p r e s e n t e d  a  c o m p r e h e n s i v e  r e v i e w  o f  t h e  e a r l y  
l i t e r a t u r e  o n  q u a n t i t a t i v e  a n a l y s i s  o f  g r o u n d w a t e r  f r o m  t h e  p o i n t  o f  v i e w  
o f  t h e  w a t e r  e n g i n e e r .  T h e y  g i v e  2 2 1  r e f e r e n c e s  d a t i n g  f r o m  1 7 9 7 .  T h e  
b i b l i o g r a p h y  o f  K l a e r  e t  a Z .  ( 1 9 4 8 / 6 2 8 / )  w i l l  a l s o  p r o v e  o f  i n t e r e s t  t o  
t h e  s t u d e n t  o f  t h e  e a r l i e r  h i s t o r y  o f  t h i s  a n d  r e l a t e d  s u b j e c t s .  
8 .  
I t  i s  i n t e r e s t i n g  t o  n o t e  / 5 3 /  t h a t  e v e n  a t  t h i s  e a r l y  s t a g e  o n l y  a  
s m a l l  p r o p o r t i o n  o f  t h e  t o t a l  a m o u n t  o f  g e o c h e m i c a l  p r o s p e c t i n g  w o r k  w a s  
e v e r  p u b l i s h e d . *  I n  a d d i t i o n ,  v e r y  l i t t l e  o f  t h e  R u s s i a n  l i t e r a t u r e  w a s  
e v e r  t r a n s l a t e d  i n t o  E n g l i s h .  
W h a t  w e  m i g h t  c a l l  t h e  " M o d e r n  E r a "  o f  g e o c h e m i c a l  p r o s p e c t i n g  c o m -
m e n c e d  a b o u t  1 9 3 9  a n d  r a p i d  e x p a n s i o n  o c c u r r e d  a f t e r  t h e  e n d  o f  t h e  S e c o n d  
W o r l d  W a r  ( 1 9 4 5 ) .  I t  w a s  d u r i n g  t h i s  m o d e r n  p e r i o d  t h a t  h y d r o g e o c h e m i c a l  
p r o s p e c t i n g  f i r s t  e m e r g e d  a s  a  d i s t i n c t  s u b - d i s c i p l i n e ,  w i t h i n  w h i c h  
g r o u n d w a t e r  s a m p l i n g  h a s ,  t o  s o m e  d e g r e e ,  b e c o m e  a  s e p a r a t e  b r a n c h  o f  
t h e  a r t  / 5 1 / .  
*  T h i s  t r e n d ,  t o o ,  c o n t i n u e s  t o d a y .  F o r  e x a m p l e ,  i n  s o u t h e r n  A f r i c a  
a l o n e  t h e r e  h a v e  b e e n  h u n d r e d s  o f  e x p l o r a t i o n  s u r v e y s  ( m a i n l y  p e d o -
g e o c h e m i c a l )  i n  t h e  l a s t  t e n  y e a r s ,  i n v o l v i n g  s e v e r a l  m i l l i o n  a s s a y s ,  
t h e  r e s u l t s  o f  w h i c h  h a v e  n e v e r  b e e n  f o r m a l l y  p u b l i s h e d  a n d  v e r y  p r o b a b l y  
n e v e r  w i l l  b e .  
9 .  
4 .  A N  E X A M I N A T I O N  O F  S O M E  
I M P O R T A N T  P U B L I C A T I O N S  I N  T H E  H I S T O R I C A L  
A N D  R E C E N T  D E V E L O P M E N T  
O F  H Y D R O G E O C H E M I C A L  E X P L O R A T I O N  
I n  t h i s  s e c t i o n  t h e  l i t e r a t u r e  o f  t h e  a r t  o f  g r o u n d w a t e r  h y d r o g e o -
c h e m i c a l  p r o s p e c t i n g  w i l l  b e  e x a m i n e d  c h r o n o l o g i c a l l y .  I t  i s  c o n v e n i e n t  
t o  d i v i d e  t h i s  p r o g r e s s  i n t o  a  f e w  c o n s e c u t i v e  s e c t i o n s  c o r r e s p o n d i n g ,  
m o r e  o r  l e s s ,  t o  a  s m a l l  n u m b e r  o f  b e n c h m a r k  t e x t b o o k s ,  r e v i e w s  o r  
b i b l i o g r a p h i e s  o f  g e o c h e m i c a l  p r o s p e c t i n g  l i t e r a t u r e .  
4 . 1  A n t i q u i t y  t o  1 9 5 2 *  H a r b a u g h  / 5 7 /  
4 . 2  1 9 5 3  
-
1 9 5 4  
E r i k s o n  / 5 8 / ,  L a n g  / 1 1 1 8 /  
4 . 3  
1 9 5 5  
-
1 9 5 7  
H a w k e s  / 5 3 / ,  G i n z b e r g  / 5 5 /  
4 . 4  1 9 5 8  
-
1 9 6 2  
H a w k e s  a n d  W e b b  / 4 9 /  
4 . 5  1 9 6 3  
-
1 9 7 8  
H a w k e s  / 6 0 / ,  L e v i n s o n  / 5 1 /  
*  A  v e r y  e a r l y  p r o s p e c t i n g  b i b l i o g r a p h y  w a s  c o m p i l e d  b y  H a w k e s  i n  1 9 4 8  
/ 1 7 5 / .  T h i s  i s  s u p e r s e d e d  b y  H a r b a u g h ' s  v o l u m e  / 5 7 / .  
I  I  •  •  
1 0 .  
4 . 1  P E R I O D  A N T I Q U I T Y  T O  1 9 5 2  
4 . l l  F O U N D A T I O N A L  W O R K  U P  T O  1 9 4 0  
T h e  m e d i a e v a l  w o r k  o f  B i r i n g u c c i o  a n d  A g r i c o l a  h a s  b e e n  m e n t i o n e d .  
O n  t h e  s u b j e c t  o f  h y d r o g e o c h e m i c a l  p r o s p e c t i n g ,  n o t h i n g  f u r t h e r  o f  n o t e  
o c c u r r e d  u n t i l  t h e  s e c o n d  h a l f  o f  t h e  n i n e t e e n t h  c e n t u r y * ,  w h e n  e a r l y  
w o r k e r s  ( c .  1 8 8 0  t o  1 9 4 0 )  b e g a n  r e c o r d i n g  o b s e r v a t i o n s ,  c o n c e p t s  a n d  
t e c h n i c a l  a d v a n c e s  t h a t  c a n  b e  s e e n  a s  t h e  f o u n d a t i o n  f o r  p r e s e n t  d a y  
m e t h o d s  o f  p r o s p e c t i n g  t h a t  m a k e  u s e  o f  a q u e o u s  s a m p l e s .  A l t h o u g h  i t  
i s  g e n e r a l l y  a g r e e d  t h a t  e x p l o r a t i o n  g e o c h e m i s t r y  i s  a  " r e c o g n i z e d "  
s c i e n c e  d a t e s  f r o m  b e t w e e n  1 9 3 2  a n d  1 9 3 8  / 4 9 ,  5 1 ,  5 3 / ,  s o m e  o f  t h e  
p r i n c i p l e  c o n c e p t s  i n v o l v e d  w e r e  e n u n c i a t e d  s u r p r i s i n g l y  e a r l y  i n  t h e  
c e n t u r y .  S o m e  e x a m p l e s  f o l l o w  o f  s i g n i f i c a n t  p u b l i c a t i o n s  f r o m  t h i s  
f o u n d a t i o n a l  e r a ;  t h e s e  c a n  b e  c o n v e n i e n t l y  t r e a t e d  u n d e r  v a r i o u s  s u b -
h e a d i n g s ,  w h i c h  m u s t  n o t ,  h o w e v e r ,  b e  r e g a r d e d  a s  m u t u a l l y  e x c l u s i v e ,  
n o r  i n  a n y  i m p o r t a n t  sequ•~nce. 
( A )  T h e  d e v e l o p m e n t  o f  a n a l y t i c a l  m e t h o d s  a n d  t h e  s y s t e m a t i c  i n v e s t i g a t i o n  
o f  t h e  c o m p o s i t i o n  o f  n a t u r a l  f r e s h  w a t e r s  
A  s i n e  q u a  n o n  o f  t h e  p r o g r e s s  o f  i n t e r e s t  i n  w a t e r - r o c k  i n t e r a c t i o n  
( c e r t a i n  p e r t i n e n t  a s p e c t s  o f  w h i c h  w i l l  b e  d e s c r i b e d  h e r e a f t e r )  w a s  
t h e  p r i o r  d e v e l o p m e n t  o f  s u i t a b l e  a n a l y t i c a l  t e c h n o l o g y  a n d  a n  a c c u m u -
l a t i o n  o f  a  b o d y  o f  e m p i r i c a l  k n o w l e d g e  o f  t h e  c o m p o s i t i o n  o f  n a t u r a l  
f r e s h  w a t e r s  i n  g e n e r a l .  I t  i s  a p p a r e n t  t h a t  q u i t e  s o p h i s t i c a t e d  w a t e r  
a n a l y s i s  w a s  p o s s i b l e  w e l l  b e f o r e  1 9 0 0  / 4 4 4 - 4 4 6 / ,  b u t  f o r  t h e  m o s t  p a r t  
t h e s e  p i o n e e r i n g  a n a l y s e s  h a d  t o  b e  p e r f o r m e d  b y  ( i n  m a n y  i n s t a n c e s  v e r y  
*  C l e a r l y ,  t h e s e  m o d e r n  d e v e l o p m e n t s  i n  e x p l o r a t i o n  t e c h n i q u e s  a n d  i d e a s  
d i d  n o t  a p p e a r  o u t  o f  t h i n  a i r ,  o u t  w e r e  b a s e d  o n  m u l t i p l e  g e n e r a l  a d -
v a n c e s  i n  a l l  r e l a t e d  s c i e n c e s .  F o r  e x a m p l e ,  t h e  t w e n t i e t h  c e n t u r y  
d i s c o v e r y  o f  t h e  e f f e c t  o f  c a t i o n  e x c h a n g e  o n  g e o c h e m i c a l  m o b i l i t y  p r e -
s u p p o s e s  a n  u n d e r s t a n d i n g  o f  t h e  c o n c e p t s  a n d  m e c h a n i s m s  o f  i o n - e x c h a n g e ,  
w h i c h  w a s  f i r s t  d e s c r i b e d  i n  1 8 5 0  ( T h o m p s o n  / 4 2 2 / ,  W a y  / 4 2 3 / ) .  
1 1 .  
t e d i o u s )  w e t  c h e m i c a l  t e c h n i q u e s  / 1 1 8 / .  T h e s e  w e t  c h e m i c a l  m e t h o d s  
w e r e  c o n s t a n t l y  u p d a t e d  ( e . g .  / 1 7 8 / )  a n d  r e m a i n e d  v e r y  i m p o r t a n t  u p  
t o  a n d  t h r o u g h  t h e  n i n e t 0 e n - f o r t i e s * .  
T h e  a d v e n t  o f  s p e c t r o g r a p h i c  t e c h n i q u e s  w a s  a n  i m p o r t a n t  a d v a n c e .  
F o r  e x a m p l e ,  G e r l a c h  a n d  R i e d l  ( 1 9 3 4 / 6 6 4 / )  p u b l i s h e d  a  s i m p l e  s p e c t r o -
g r a p h i c  m e t h o d  f o r  t h e  d e t e r m i n a t i o n  o f  u r a n i u m  i n  n a t u r a l  w a t e r s .  
( A l t h o u g h  t h e  m e t h o d  w a s  r e p r o d u c i b l e ,  s p e e d y  a n d  e c o n o m i c a l ,  i t  n e v e r  
b e c a m e  p o p u l a r  f o r  t h e  d i r e c t  d e t e r m i n a t i o n  o f  U ,  p r o b a b l y  b e c a u s e  t h e  
d e t e c t i o n  l i m i t  w a s  n o t  l m v  e n o u g h  f o r  m a n y  a p p l i c a t i o n s ) .  S p e c t r o -
g r a p h i c  a n a l y s i s  o f  w a t e r  w a s  i n  r o u t i n e  u s e  b y  1 9 3 5  a n d  p r o v e d  t o  b e  
a  g r e a t  b o o n  t o  t h e  d e t e r m i n a t i o n  o f  m a n y  o f  t h e  l e s s  c o m m o n l y  a s s a y e d  
e l e m e n t s  / 1 4 3 / .  B y  1 9 3 9  t h e  S o v i e t s  h a d  p e r f e c t e d  p o r t a b l e  s p e c t r o -
g r a p h i c  e q u i p m e n t  f o r  f i e l d  u s e  I  1 1 8 ,  4 1 3 / ,  b u t  t h e r e  i s  n o  e v i d e n c e  
t h a t  i t  w a s  u s e d  e x t e n s i v e l y  f o r  w a t e r  a n a l y s e s .  
O t h e r  p o t e n t i a l l y  u s e f u l  a n a l y t i c a l  t e c h n i q u e s  w e r e  d e v e l o p e d  a n d  
u s e d  d u r i n g  t h e s e  f o u n d a t i o n a l  d e c a d e s ,  f o r  e x a m p l e  e l e c t r o m e t r i c  t i -
t r a t i o n  U 4 4 9 / 1 9 2 7 )  a n d  c o n d u c t i v i t y  m e a s u r e m e n t s  ( / 4 5 0 / 1 9 2 5 ,  / 4 5 1 / 1 9 3 2 ) .  
D e s p i t e  t h e  l a c k  o f  r a p i d ,  s o p h i s t i c a t e d  a n a l y t i c a l  m e t h o d s ,  b e t w e e n  
1 8 8 0  a n d  1 9 4 0  w a t e r  c h e m i s t s  h a d  a c c u m u l a t e d  a  s o u n d  b o d y  o f  d a t a  d e -
s c r i b i n g  t h e  c o m p o s i t i o n  o f ,  ; ' . n t e r  a l - i a ,  s p r i n g  w a t e r  ( e . g .  / 4 4 3 - 4 ,  
4 4 6 ,  4 4 8 ,  4 5 2 ,  5 1 8 - 9 / ) ,  r i v e r  a n d  l a k e  w a t e r s  / 1 4 3 - 5 ,  4 0 4 ,  4 5 4 - 7 ,  7 4 7 / ,  
s w a m p  w a t e r s  / 4 6 0 / ,  r a i n w a t e r  / 4 5 8 - 9 ,  4 8 8 / ,  m i n e  w a t e r s  / 4 4 3 ,  4 4 7 ,  5 2 4 / ,  
g r o u n d \ - l a t e r s  / 4 4 2 ,  4 6 2 - 7 0 ,  6 4 3 - 4 / ,  i n c l u d i n g  o i l f i e l d  w a t e r s  ( E n g l e r  
a n d  H o f e r  1 9 0 9 / 4 6 1 / ,  R e n i c k  1 9 2 4 / 6 8 4 / ,  R e i s t l e  1 9 2 7 / 2 9 0 /  a n d  o t h e r s  
/ 4 7 8 - 9 / )  a n d  v a r i o u s  u n t i s u a l  w a t e r s  s u c h  a s  s p r i n g  w a t e r s  a n d  g r o u n d -
w a t e r s  r i c h  i n  d i s s o l v e d  o r g a n i c  m a t t e r  ( P i s c h e l  1 9 1 2 / 6 6 0 / ) . ·  
*  a n d  a r e  o f  c o u r s e  ; t i l l  u s e d  t o d a y  f o r  a  g r e a t  m a n y  w a t e r  a n a l y s e s  a l l  
o v e r  t h e  w o r l d .  
\  
1 2 .  
M a n y  o f  t h e  p r i n c i p l e s  o f  g e o h y d r o l o g y  e v o l v e d  a s  t h e s e  c h e m i c a l  
s t u d i e s  o f  g r o u n d w a t e r s  w e r e  c o m p l i m e n t e d  b y  e a r l y  h y d r o l o g i c a l  i n v e s t -
i g a t i o n s  o f  v a r i o u s  k i n d s  ( e . g .  S l i c h t e r  1 8 9 9 / 3 0 9 /  a n d  o t h e r s  / 3 0 7 - 8 ,  
3 1 0 ,  4 7 1 - 3 / ) .  
I n  r e s p o n s e  t o  t h e  i n e v i t a b l e  n e e d s  g e n e r a t e d  b y  t h i s  g r o w i n g  b u l k  
o f  h y d r o g e o c h e m i c a l  d a t a ,  p u b l i c a t i o n s  b e g a n  t o  a p p e a r  o n  t h e  p r a c t i c a l  
a s p e c t s  o f  t h e  e x a m i n a t i o n  o f  n a t u r a l  w a t e r s  ( L e i g h t o n  1 9 0 5 / 4 7 4 /  a n d  
o t h e r s  / 4 7 5 - 6 / ) ,  i n c l u d i n g  p r o b l e m s  a r i s i n g  f r o m  c o n t a m i n a t i o n  o f  s a m p l e s  
( C o l l i n s  a n d  R i f f e n b u r g  1 9 2 3 / 4 7 7 / ) ,  a n d  o n  t h e  p r a c t i c a l  i n t e r p r e t a t i o n  
a n d  g r a p h i c a l  p r e s e n t a t i o n  o f  w a t e r  a s s a y s  ( T i c k e l l  1 9 2 1 / 2 8 9 / ,  R e i s t l e  
1 9 2 7 / 2 9 0 /  a n d  o t h e r s  / 4 7 8 - 9 / ) .  
A m o n g s t  t h e s e  e a r l i e s t  p u b l i c a t i o n s  w e  c a n  i d e n t i f y  s e v e r a l  t h a t  
c a n  r e a s o n a b l y  b e  c l a s s i f i e d  a s  " a p p l i e d  g e o c h e m i s t r y "  i n  t h a t  t h e  a n a -
l y s i s  o f  w a t e r s  w a s  d i r e c t e d  t o w a r d s  t h e  a t t a i n m e n t  o f  s o m e  i m m e d i a t e  
p r a c t i c a l  g o a l ,  u s u a l l y  a g r i c u l t u r a l  ( e . g .  K e l l e y  a n d  B r o w n  1 9 2 8 / 4 8 1 /  
a n d  o t h e r s  / 4 8 0 ,  4 8 3 / )  o r  r e l a t e d  t o  i n d u s t r i a l  a p p l i c a t i o n s  o r  e n g i n e e r -
~ng p r o b l e m s  s u c h  a s  f o u l i n g  o f  b o i l e r s  / 4 5 7 ,  4 8 2 / ,  b u t  v e r y  f e w  c a n  b e  
v i e w e d  a s  d i r e c t  c o n t r i b u t i o n s  t o  " m i n e r a l  e x p l o r a t i o n "  p e r  s e .  
( B )  G e n e r a l  p r i n c i p l e s  o f  w a t e r - m i n e r a l / r o c k  r e a c t i o n s  a n d  t h e  i n i t i a l  
a l t e r a t i o n  o f  m i n e r a l s  a n d  o r e s  i n  t h e  s e c o n d a r y  e n v i r o n m e n t  
T h a t  g r o u n d w a t e r s  r e a c t  c h e m i c a l l y  w i t h  r o c k s  h a s  b e e n  c l e a r l y  
u n d e r s t o o d  s i n c e  a t  l e a s t  t h e  t i m e  o f  A g r i c o l a .  A r o u n d  t h e  t u r n  o f  t h e  
c e n t u r y  g e o c h e m i s t s  t u r n e d  t h e i r  s e r i o u s  a t t e n t i o n  t o  a  c l o s e r  i n v e s t -
i g a t i o n  o f  t h e  n a t u r e  o f  t h i s  i n t e r a c t i o n  ( e . g .  / 4 2 4 - 4 4 1 ,  5 2 1 ,  5 2 6 / ,  
1 9 0 2  t o  1 9 4 0 ) .  T h e i r  r e s e a r c h e s  c o n s i s t e d ,  o n  t h e  o n e  h a n d ,  o f  q u i t e  
s p e c i f i c  s t u d i e s  o f  t h e  r e a c t i o n  b e t w e e n  w a t e r  a s  a  c h e m i c a l  r e a g e n t  
a n d  g i v e n  m i n e r a l s ,  c o m p o u n d s  a n d  e l e m e n t s ,  a n d  o n  t h e  o t h e r ,  o f  m o r e  
1 3 .  
g e n e r a l  o b s e r v a t i o n s  o f  t h e  i n t e r a c t i o n  b e t w e e n  r o c k s  o r  g r o u p s  o f  r o c k s  
a n d  t h e  n a t u r a l  w a t e r s  p a s s i n g  t h r o u g h  o r  o v e r  t h e m .  W i t h  r e g a r d  t o  t h e  
f i r s t m e n t i o n e d  r e s e a r c h e s ,  e a r l y  e x a m p l e s  o f  s t u d i e s  o f  t h e  r e a c t i o n  b e -
t w e e n  m i n e r a l  s u b s t a n c e s  a n d  w a t e r  a r e  t h e  w o r k s  o f  ( i )  W e i g e l  ( 1 9 0 6 - 7 /  
4 3 9 - 4 0 / ) ,  w h o  d i s c u s s e d  t h e  b e h a v i o u r  o f  s u l p h i d e s  o f  h e a v y  m e t a l s  i n  
a q u e o u s  s o l u t i o n ,  ( i i )  K o h l r a u s c h  ( 1 9 0 8 / 4 3 2 / ) ,  o n  t h e  p r o p e r t i e s  o f  
s a t u r a t e d  a q u e o u s  s o l u t i o n s  o f  s l i g h t l y  s o l u b l e  s a l t s  a n d  ( i i i )  L e n h e r  
a n d  M e r r i l  ( 1 9 1 7 / 4 3 4 / ) ,  o n  t h e  s o l u b i l i t y  o f  s i l i c a  i n  w a t e r .  
O f  p a r a l l e l  i m p o r t a n c e  t o  t h e  d e v e l o p m e n t  o f  b a s i c  h y d r o g e o c h e m i c a l  
c o n c e p t s ,  a n d  a l s o  d a t i n g  b a c k  t o  t h e  f i r s t  y e a r s  o f  t h e  c e n t u r y ,  a r e  
p i o n e e r i n g  s t u d i e s  o f  t h e  p r o c e s s e s  c o n t r o l l i n g  t h e  o x i d a t i o n  o f  s u l p h i d e  
m i n e r a l s  e x p o s e d  t o  t h e  i n f l u e n c e s  o f  w a t e r  a n d  t h e  a t m o s p h e r e  ( e . g .  
G o t t s c h a l k  a n d  B u e h l e r  1 9 1 2 / 1 5 2 /  a n d  E m m o n s  1 9 1 3 / 4 4 7 / ) .  
C o n c e r n i n g  t h e  s e c o n d  c a t e g o r y  - t h e  s t u d y ,  i n  m o r e  g e n e r a l  t e r m s ,  
o f  t h e  i n t e r a c t i o n s  o f  r o c k s  a n d  w a t e r s  a s  c o - e x i s t i n g  n a t u r a l  m a t e r i a l s  
w i t h i n  t h e  c r u s t  o f  t h e  e a r t h  - i t  i s  w o r t h  n o t i n g  t h a t  a n a l y s e s  o f  m 1 n e  
w a t e r s  w e r e  f i r s t  r e p o r t e d  a t  l e a s t  a  h u n d r e d  y e a r s  a g o .  P a t t i n s o n  
( 1 8 7 9 ,  c i t e d  b y  W a t s o n  1 9 1 8 / 1 0 5 1 / )  a n a l y s e d  s p r i n g  w a t e r  e m e r g i n g  f r o m  
a n  o l d  d r i f t  t h a t  h a d  b e e n  m a d e  i n  s e a r c h i n g  f o r  a  l e a d  o r e  n e a r  N e w c a s t l e -
o n - T y n e  a n d  n o t e d  t h a t  t h i s  w a t e r  p r e c i p i t a t e d  " b l a c k  m u d s "  c o n t a i n i n g  
n e a r l y  7 0 %  M n  o x i d e s .  
D a r t o n  / 4 4 2 /  w r o t e  i n  1 9 0 6  t h a t  " a l l  w a t e r s  w h i c h  f l o w  o v e r  o r  
t h r o u g h  r o c k s  a n d  s o i l  d i s s o l v e  v a r i o u s  c h e m i c a l  c o m p o u n d s ,  t h e  n a t u r e  
a n d  a m o u n t  o f  w h i c h  h a v e  g r e a t  l o c a l  v a r i a t i o n .  W a t e r  p a s s i n g  t h r o u g h  
p u r e  s a n d  o r  s a n d s t o n e  c a n  b e  c o n t a m i n a t e d  o n l y  t o  a  v e r y  s l i g h t  d e g r e e ,  
b u t  n e a r l y  a l l  r o c k s  c o n t a i n  s o l u b l e  m i n e r a l s ,  e s p e c i a l l y  s h a l e s ,  l i m e -
s t o n e s ,  a n d  r e d  b e d s ,  w h i c h  o f t e n  y i e l d  a  l a r g e  a m o u n t  o f  s a l t s  t o  w a t e r s  
w h i c h  c o m e  i n  c o n t a c t  w i t h  t h e m " .  
1 4 .  
S u l l i v a n  (  1 9 0 7  I  1 5 1 / )  d i s  c u s s e d  h o w  t h e  r e a c t i o n  b e t w e e n  m i n e r a l s  
a n d  n a t u r a l  w a t e r s  affect~.> g e ( , l o g i c a l  p h e n o m e n a ,  w h i l e  P a l m e r  (  1 9 1 1 /  4 4 1 / )  
w r o t e  e x t e n s i v e l y  o n  t h e  g e o l o g i c a l  i n t e r p r e t a t i o n  o f  w a t e r  c o m p o s i t i o n .  
I n  h i s  d e s c r i p t i o n  o f  t h e  a r t e s i a n  w a t e r s  o f  A u s t r a l i a ,  P i t t m a n  ( 1 9 0 8 -
1 9 1 5 / 1 0 0 8 - 1 0 1 0 / )  s h o w e d  t h a t  h e  h a d  c l e a r l y  g r a s p e d  t h e  b a s i c  p r i n c i p l e s  
o f  w a t e r - r o c k  r e a c t i o n  a n d  t h e  f a c t o r s  t h a t  c o n t r o l  t h e  c h e m i c a l  c o m p o s i t -
i o n  o f  s h a l l m . J  g r o u n d t . J a t e r s .  ( I t  i s  e 4 u a l l y  c l e a r  t h a t  s o m e  o f  h i s  o p p o -
n e n t s ,  e . g .  G r e g o r y  ( 1 9 0 6 / J O l l / )  s t i l l  h e l d  s o m e  v e r y  w e i r d  v i e w s  o n  t h i s  
s u b j e c t  - f o r  i n s t a n c e ,  t h a t  t h e  a r t e s i a n  w a t e r s  o f  A u s t r a l i a ,  b e c a u s e  
o f  t h e i r  c h e m i c a l  c o m p o s i t i o n ,  h a d  t o  b e  o f  " p l u t o n i c
1 1  
o r i g i n ) .  P i t t m a n  
u n d e r s t o o d  t h e  c o n t r o l  t h a t  l i t h o l o g y  e x e r c i s e s  o v e r  w a t e r  c h e m i s t r y  a n d  
w a s  a w a r e  o f  t h e  p h e n o m e n o n  o f  t h e  
1 1
m e  t a m o r p h  i s m ' '  o f  w a t e r  a s  i t  m i g r a t e s  
l a t e r a l l y  f r o m  t h e  p o i n t  o f  r e c h a r g e  a n d  r e a c t s  c o n t i n u o u s l y  w i t h  t h e  
c o u n t r y  r o c k s .  H e  a l s o  u n d e r s t o o d  t h e  p r o b l e m s  o f  s a m p l e  c o n t a m i n a t i o n  
a n d  r e c o r d s  a n  i n s t a n c e  t · i h e r e  w e l l  ' f . v a t e r s  w e r e  c o n t a m i n a t e d  b y  z i n c  f r o m  
a  g a l v a n i z e d  c a s i n g  p i p e  ( / 1 0 8 9 / 1 9 1 4 ) .  
I n  1 9 1 3  E m m o n s  a n d  H a r r i n g t o n  / 4 4 3 /  p r o d u c e d  a  r e m a r k a b l e  c o m p a r i s o n  
o f  a n a l y s e s  o f  w a t e r s  o f  m i n e s  a 1 ; 1 d  o f  h o t *  s p r i n g s  
1 1
w i t h  a  v i e w  o f  a s c e r t a i n -
i n g  t h e  c o m p o s i t i o n  o f  t v n t e r s  t h a t  h a v e  b e e n  a s s u m e d  t o  b e  t h e  a g e n t s  o f  
d e p o s i t i o n  o f  s u l p h i d e  l o d e  a l e s " .  T h e  s i g n i f i c a n t  c o r r o l a r y  t h a t  1 . s  
n o w ,  w i t h  h i n d s i g h t ,  s o  obvio~s t o  u s ,  a p p e a r s  t o  h a v e  e s c a p e d  t h e  a u t h o r s .  
* T h e  o r i g i n ,  c h e m i s t r y  D n d  s i g n i f i c a n c e  i n  p r o s p e c t i n g  o f  h o t  ( t h e r m a l ) ,  
a s  o p p o s e d  t o  c o l d ,  s p r i n g s  i f  g e n e r a l l y  v e r y  d i f f e r e n t  / 4 9 ,  2 8 6 ,  5 2 5 / .  
T h e  g e o c h e m i s t r y  o f  t h e r m a l  w 2 t e r s  w i l l  n o t  b e  c o n s i d e r e d  i n  d e t a i l  i n  
t h i s  r e v i e w .  R e a d e r s  i n t e r e s t e d  i n  t h e  e a r l i e r  l i t e r a t u r e  o f  t h e  c h e m i s t r y  
o f  t h e r m a l  w a t e r s  a n d  a s s o c i a i e d  d e p o s i t s  m i g h t  c o n s u l t  ~lite ( 1 9 5 5 / 6 2 6 / )  
w h o  h a s  revie~ed t h i s  s u b j e c t  a t  l e n g t h  a c d  h a s  c o m p i l e d  a  l i s t  o f  1 4 9  
r e f e r e n c e s  d a t i n g  f r o m  1 8 4 7 .  
1 5 .  
N e v e r t h e l e s s ,  m u c h  o f  t h e  c o n t e n t  o f  t h i s _  p a p e r  h a s  a  v e r y  f a m i l i a r  r 1 n g  
t o  t h e  m o d e r n  e x p l o r a t i o n  g e o c h e m i s t .  T h e  a u t h o r s  p r e s e n t  a  r e v i e w  o f  
t h e  r e l a t i , v e l y  f e w  a n a l y s e s  o f  m i n e  w a t e r s  a n d  s p r i n g  w a t e r s  a v a i l a b l e  
'  
a t  t h a t  t i m e  ( e . g .  / 4 4 4 - 6 / ,  1 8 8 4 - 1 8 8 8  a n d  / 4 4 7 - 8 /  1 9 1 2 - 1 9 1 3 ) .  T h e r e  a r e  
a n a l y s e s  o f  s o m e  t h i r t y - o d d  a q u e o u s  s p e c i e s  i n c l u d i n g  A s ,  S b ,  M n ,  C o ,  C d ,  
N i ,  P b ,  C u  a n d  Z n ,  m a n y  a t  s u b - p p m  l e v e l s  o f  c o n c e n t r a t i o n .  M i n e  w a t e r s  
a n d  v a r i o u s  s p r i n g  w a t e r s  a r e  s h o w n  t o  c o n t a i n  s i m i l a r  e l e m e n t s  b u t  i n  
v e r y  d i f f e r e n t  a m o u n t s .  C h l o r i d e ,  s u l p h a t e  a n d  c a r b o n a t e  p r e d o m i n a t e d  
i n  m i n e  w a t e r s  a n d  t h e  h e a v y  m e t a l  c o n t e n t  w a s  m a r k e d l y  g r e a t e r  t h a n  f o r  
w a t e r s  o f  h o t  s p r i n g s .  T h e  a u t h o r s  a s s e r t  c l e a r l y  t h a t  s u l p h i d e s  a r e  t h e  
o b v i o u s  s o u r c e  o f  t h e  s u l p h a t e  i o n ,  b u t  t h e  i m p l i c a t i o n  i s  n o t  p u r s u e d  
t o  i t s  l o g i c a l  c o n c l u s i o n .  T h e  p a p e r  i n c l u d e s  a  l o n g  d i s c u s s i o n  o f  t h e  
a b i l i t y  o f  v a r i o u s  " s u b t e r r a n e a n  w a t e r  t y p e s "  ( f o r  e x a m p l e  a l k a l i - c h l o r i d e  
w a t e r s ,  a l k a l i - s u l p h a t e  w a t e r s )  t o  d i s s o l v e ,  t r a n s p o r t  a n d  d e p o s i t  v a r i o u s  
m e t a l s .  T h e  p r o b a b l e  i m p o r t a n c e  o f  m o b i l e  c o m p l e x e s  s u c h  a s  K C 1 A u C 1
3  
1 s  
e m p h a s i z e d ,  a s  a r e  o t h e r  n a t u r a l  i n t e r a c t i o n s  a f f e c t i n g  m o b i l i t y ,  f o r  
e x a m p l e ,  t h e  i n f l u e n c e  o f  p C 0 2  o n  t h e  s o l u b i l i t y  o f  P b  a n d  t h e  e f f e c t  o f  
[ A s ]  a n d  [ S b ]  o n  t h e  s o l u b i l i t y  o f  c o p p e r .  T h e  c a u s e s  o f  p r e c i p i t a t i o n  
o f  m e t a l s  f r o m  g r o u n d w a t e r s  a r e  s a i d  t o  i n c l u d e  " r e a c t i o n s  w i t h  w a l l  r o c k ,  
d e c r e a s e  o f  t e m p e r a t u r e ,  d e c r e a s e  o f  p r e s s u r e ,  d i l u t i o n  a n d  o x i d a t i o n " .  
A n o t h e r  s i g n i f i c a n t  e a r l y  a c c o u n t  o f  t h i s  t y p e  i s  t h a t  o f  W a t s o n  
( 1 9 1 8 / 1 0 5 1 / ) .  H e  a n a l y s e d  w a t e r  t h a t  w a s  e m e r g i n g  f r o m  a  f i s s u r e  i n  t h e  
C i t y  a n d  S u b u r b a n  g o l d  m i n e  ( J o h a n n e s b u r g )  t o  s e e  i f  t h e  w a t e r  w a s  p o t a b l e .  
T h e  w a t e r  c o n t a i n e d  a p p r e c i a b l e  a m o u n t s  o f  M n  ( 4 0  m g / 1 )  a n d  L i  ( 2  m g / 1 ) .  
T h e  f i s s u r e  w a s  r e s a m p l e d  s e v e n  w e e k s  l a t e r  a n d  l i t t l e  c h a n g e  i n  c o m p o s 1 -
t i o n  w a s  e v i d e n t .  T h e r e  i s  n o  i n d i c a t i o n  t h a t  t h e  a u t h o r  s o u g h t  t o  u s e  
t h e  d a t a  f o r  p r o s p e c t i n g  p u r p o s e s .  
1 6 .  
S o m e w h a t  l a t e r  t h a n  i n  t h e  W e s t ,  R u s s i a n  s p e a k i n g  a u t h o r s  b e g a n  t o  
s h o w  a n  i n c r e a s i n g  i n t e r e s t  i n  t h e  c h e m i s t r y  o f  w a t e r - r o c k  r e a c t i o n ,  o n  
b o t h  t h e  g l o b a l  ( i . e .  h i s t o r i c a l )  a s  w e l l  a s  t h e  l o c a l  s c a l e .  V e r n a d s k i ,  
f o r  i n s t a n c e ,  w r o t e  a b o u t  t h e  e s s e n t i a l  c h a r a c t e r i s t i c s  o f  t h e  r e a c t i o n s  
t h a t  o c c u r  b e t w e e n  s o l i d  s u b s t a n c e s  ( r o c k )  a n d ( n a t u r a l )  a q u e o u s  s o l u t i o n s  
a n d  e m p h a s i z e d  t h e  s e v e r e  t i m e - d e p e n d a n c y  o f  m a n y  o f  t h e  s l o w e r  p r o c e s s e s  
( 1 9 2 7 / 6 4 6 / ) .  L a t e r  h e  w r o t e  e x t e n s i v e l y  o n  t h e  h i s t o r y  o f  n a t u r a l  w a t e r s  
a s  c o m p o n e n t s  o f  t h e  l i t h o s p h e r e  ( 1 9 3 3 - 3 4 / 1 8 0 / ) ,  w h i l e  o t h e r  S o v i e t  
w r i t e r s  d e s c r i b e d  t h e  f a c t o r s  t h a t  c h a r a c t e r i z e  t h e  c h e m i s t r y  o f  g r o u n d -
w a t e r s  a s s o c i a t e d  w i t h  s p e c i f i c  l i t h o l o g i c a l  f o r m a t i o n s  ( S m u r o v  1 9 3 8 / 1 7 9 / )  
a n d  t h e  c o m p o s i t i o n  a n d  g e o c h e m i s t r y  o f  m i n e  w a t e r s  i n  s u l p h i d i c  o r e s  
( K h i t a r o v  a n d  M u l i k o v s k a i a  1 9 3 5 / 1 7 7 / ) .  
( C )  ·  T h e  d e v e l o p m e n t  o f  k e y  g e o c h e m i c a l  c o n c e p t s  o f  i m p o r t a n c e  t o  
e x p l o r a t i o n  
E v e n  b e f o r e  t h e  G r e a t  W a r  s t u d i e s  h a d  b e e n  u n d e r t a k e n  o f  t h e  p r o -
c e s s e s  o f  a q u e o u s  d i s p e r s i o n  a n d  t h e  f a c t o r s  i n f l u e n c i n g  t h e  m i g r a t i o n ,  
m o b i l i z a t i o n  a n d  i m m o b i l i z a t i o n  o f  v a r i o u s  e l e m e n t s  i n  t h e  s e c o n d a r y  
e n v i r o n m e n t  / 8 3 ,  8 5 ,  1 4 2 ,  3 9 1 ,  3 9 4 - 5 / .  T h e  g e o c h e m i c a l  r o l e  o f  c o l l o i d a l  
s u b s t a n c e s  i n  n a t u r a l  s o l u t i o n s  w a s  a m o n g s t  t h e  f i r s t  f i e l d s  o f  i n t e r e s t ,  
p r o b a b l y  b e c a u s e  o f  t h e  l i n k  w i t h  a g r i c u l t u r a l  s c i e n c e  ( e . g .  G e d r o i z  
1 9 1 2 / 4 8 4 /  a n d  o t h e r s  / 4 8 5 ,  5 1 0 / ) .  S m y t h  ( 1 9 1 3 / 3 9 1 )  c o n d u c t e d  e a r l y  1 n -
v e s t i g a t i o n s  o f  t h e  m o b i l i t y  o f  t h e  c h e m i c a l  c o n s t i t u e n t s  o f  r o c k s .  
I t  w a s  n o t e d  t h a t  t h e  c o n c e n t r a t i o n  a n d  m o b i l i t y  o f  a q u e o u s  m e t a l s  
c o u l d  b e  p r o f o u n d l y  a f f e c t e d  b y  t h e  p r e s e n c e  o f  l i v i n g  o r g a n i s m s  o r  t h e i r  
r e m a m s  ( L o v e r i n g  1 9 2 7 / 3 9 6 /  a n d  o t h e r s  / 4 0 2 - 4 / .  T h u s  F r e i s e  ( 1 9 3 0 - 1 /  
7 7 8 - 9 / )  a n d  F e t z e r  ( 1 9 3 4 / 7 7 7 / )  s h o w e d  t h a t  g o l d  c o u l d  b e  d i s s o l v e d  a n d  
t r a n s p o r t e d  b y  h u m i c  c o m p l e x e s  ( " s o i l  a c i d s " )  a n d  r e d e p o s i t e d  i n  s i g n i -
f i c a n t  c o n c e n t r a t i o n s  i n  c e r t a i n  f a v o u r a b l e  l o c a t i o n s  s u c h  a s  p l a c e r s .  
1 7 .  
I t  w a s  u n d e r s t o o d  t h a t  m o b i l i t y  i s  a l s o  i n f l u e n c e d  b y  i o n  e x c h a n g e  
r e a c t i o n s  w i t h  n a t u r a l  m a t e r i a l s  ( e . g .  R e n i c k  1 9 2 5 / 4 6 7 / ,  N o l l  1 9 3 1 / 3 9 7 / ,  
V a n s e l o w  1 9 3 2 / 4 8 5 /  a n d  S c h o e l l e r  1 9 3 5 / 4 7 2 / ) ,  o r  b y  g e n e r a l ,  n o n - d i f f e r -
e n t i a t e d  s o r p t i o n  r e a c t i o n s  w i t h  s e d i m e n t a r y  r o c k s  ( A r s t i n o f f  1 9 1 4 / 7 4 3 / ,  
V e r n a d s k y  1 9 3 5 / 7 4 2 /  a n d  o t h e r s  / 7 4 4 - 5 / ) .  
I n  1 9 2 5  D o e r n e r  a n d  H o s k i n s  / 6 0 0 /  d e m o n s t r a t e d  t h a t  r a d i u m  m a y  b e  
c o - p r e c i p i t a t e d  w i t h  b a r i u m  s u l p h 9 t e  d u r i n g  t h e  r e a c t i o n  
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e v e n  w h e n  t h e  s o l u b i l i t y  p r o d u c t  o f  n o  r a d i u m  c o m p o u n d  i s  e x c e e d e d .  T h i s  
s c a v e n g i n g  ( s o r p t i o n - c o p r e c i p i t a t i o n )  o f  m a n y  s p e c i e s  o f  m e t a l l i c  i o n s  
f r o m  s o l u t i o n  b y  t h e  p r e c i p i t a t i o n  o f  c e r t a i n  o t h e r  c o m p o u n d s  ( n o t a b l y  
h y d r o x i d e s  o f  F e  a n d  M n )  w a s  r e p o r t e d  i n  d e t a i l  b y  G o l d s c h m i d t  a n d  c o -
w o r k e r s  i n  1 9 3 4  / 3 9 4 - 5 / .  
M u r a t a  ( 1 9 3 9 / 1 4 9 / )  w a s  o n e  o f  t h e  e a r l i e r  w r i t e r s  w h o  e m p h a s i z e d  
t h e  i m p o r t a n t  r e l a t i o n s h i p  b e t w e e n  e n v i r o n m e n t a l  o x i d a t i o n  p o t e n t i a l  
a n d  t h e  m o b i l i t y  o f  p o l y v a l e n t  e l e m e n t s .  
( D )  E a r l y  r e l e v a n t  p r o s p e c t i n g  e x p e r i m e n t s  a n d  a p p l i c a t i o n s  
A  v a r i e t y  o f  e a r l y  g e o c h e m i c a l  e x p e r i m e n t s  c a n  o e  c o n s i d e r e d  t o  b e  
t h e  r e c e n t  a n c e s t o r s  o f  m o d e r n  g r o u n d w a t e r  h y d r o g e o c h e m i c a l  p r o s p e c t i n g  
m e t h o d s .  S o m e  o f  t h e s e  e x p e r i m e n t s ,  a l t h o u g h  h i g h l y  s i g n i f i c a n t ,  d i d  
n o t  d i r e c t l y  i n v o l v e  a n y  w a t e r  s a m p l i n g ,  a n d  w e  w i l l  b r i e f l y  e x a m i n e  a  
f e w  o f  t h e  m o r e  i m p o r t a n t  " i n d i r e c t "  c o n t r i b u t i o n s  b e f o r e  p r o c e e d i n g  t o  
a  c o n s i d e r a t i o n  o f  t h e  f i r s t  t r u e  h y d r o g e o c h e m i c a l  s t u d i e s .  
R a e b u r n  a n d  M i l n e r  ( 1 9 2 7 / 8 0 / ) ,  i n  t h e i r  w o r k  o n  t h e  e x p l o r a t i o n  o f  
p l a c e r  d e p o s i t s , i m p l i c i t l y  a n t i c i p a t e d  m a n y  o f  t h e  p r i n c i p l e s  o f  s t r e a m  
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h y d r o g e o c h e m i c a l  p r o s p e c t i n g ,  s u c h  a s  d i l u t i o n  o f  a n o m a l i e s  w i t h  b a r r e n  
m a t e r i a l  a n d  t h e  v a r i a b l e  m o b i  1 i  t y  o f  d i f f e r e n t  e l e m e n t s  i n  r i v e r  c h a n -
n e l s .  
F l e r o v ,  d u r i n g  h i s  w o r k  o n  t h e  s e a r c h  f o r  t i n  i n  t h e  U . S . S . R .  
( 1 9 3 5 / 8 2 / ) ,  d e v e l o p e d ,  a n d  s t r e s s e d  t h e  n e e d  f o r ,  r a t i o n a l  a n d  s y s t e m a t i c  
s a m p l i n g  p a t t e r n s  a n d  t e c h n i q u e s .  
A  n o t e w o r t h y  c o n c e p t  d e v e l o p e d  b y  t h e  S o v i e t s  i n  t h e  m i d - t h i r t i e s  
w a s  t h e  p o s s i b i l i t y  o f  t h e  p r a c t i c a l  e x p l o i t a t i o n  o f  t h e  r e l a t i o n s h i p  
b e t w e e n  e c o n o m i c  m i n e r a l  d e p o s i t s ,  e s p e c i a l l y  o x i d i z i n g  s u l p h i d e  b o d i e s ,  
a n d  d i s p e r s e d  a n i o n s .  H o w e v e r ,  t h e  a n i o n s  w e r e  s o u g h t  i n  t h e  s o i l  a n d  
u s u a l l y  b y  n m v - o b s o l e t e  e l e c t r o m e t r i c  m e t h o d s  u s i n g  s p e c i a l  e l e c t r o d e s  
i n s e r t e d  i n t o  t h e  g r o u n d  ~ e s s e n t i a l l y  a  g e o p h y s i c a l  m e t h o d ,  w h i c h  h a d  
i t s  h e y d a y  b e t w e e n  1 9 3 6  a n d  1 9 4 1  / 3 6 3 - 5 / .  F o r  e x a m p l e ,  i n  1 9 3 6  S a f r o n o v  
a n d  S e r g e e v  / 8 4 /  u s e d  t h i s  k i n d  o f  a p p r o a c h  t o  r e l a t e  s o i l  c h l o r i d e  a n d  
s u l p h a t e  t o  h i d d e n  s u l p h i d e  b o d i e s .  I n  t h e  s a m e  y e a r  S o f r o n o v  / 8 5 /  r e -
p o r t e d  t h e  u s e  o f  a  s i m i l a r  " p h y s i c o - c h e m i c a l  m e t h o d  o f  p r o s p e c t i n g "  t o  
d e t e c t  " s a l t  a u r e o l e s  o f  d i s s e m i n a t i o n " .  I n  1 9 3 7  S e r g e y e v *  a n d  S o l o v o v  
/ 8 7 /  d e s c r i b e d  a  s i m i l a r  s o i l - e l e c t r o d e  p o t e n t i o m e t r i c  m e t h o d  f o r  i n v e s t -
i g a t i n g  t h e  " s u l p h a t e  a n d  s u l p h u r i c  a c i d  c o n c e n t r a t i o n s  i n  s o i l  m o i s t u r e  
a s  a  m e a n s  o f  p r o s p e c t i n g  f o r  o x i d i z i n g  s u l p h i d e  d e p o s i t s " .  
I n t e r e s t  w a s  n o t  r e s t r i c t e d  t o  s u l p h a t e  a n d  c h l o r i d e  o n l y ;  f o r  
e x a m p l e  i n  1 9 3 6  S e r g e y e v  / 8 8 /  d e s c r i b e d  c o l o r i m e t r i c  t e s t s  f o r  b o r a t e  
i o n s ,  w i t h  a  v i e w  t o  l o c a t i n g  b o r a t e  d e p o s i t s  i n  t h e  U . S . S . R .  
* T r a n s l a t e d  v a r i o u s l y  a s  S e r g e y e v ,  Y e . A .  o r  S e r g e e v ,  E . A . ·  S o m e  R u s s i a n  
n a m e s  c a n  b e  f o u n d  i n  m o r e  t h a n  o n E ·  E n g l i s h  f o r m  b e c a u s e  o f  t h e  i n c o m p l e t e  
c o r r e s p o n d e n c e  b e t w e e n  t h e  l e t t e r s  o f  t h e  C y r i l l i c  a n d  L a t i n  a l p h a b e t s .  
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I t  i s  p r o b a b l e  t h a t  w e  h a v e  n o t  y e t  h e a r d  t h e  l a s t  w o r d  a b o u t  t h e  
i d e n t i t y  o f  t h e  " f i r s t  t r u e  t w e n t i e t h  c e n t u r y  h y d r o g e o c h e m i c a l  p r o s p e c t o r "  
/ 1 1 2 2 / .  T h e r e  c a n  b e  l i t t l e  d o u b t  t h a t  p i o n e e r i n g  i n v e s t i g a t i o n s  o f  t h e  
r a d i o a c t i v i t y  o f  s p r i n g  w a t e r s  a n d  a s s o c i a t e d ·  p r e c i p i t a t e s  a n d  d e p o s i t s  
i n  t h e  U . S . A . ,  S w e - d e n ,  J a p a n  ( B o l t w o o d  1 9 0 S / 6 1 9 /  , ·  S j o g r e n  a n d  S~hlbom 
1 9 0 7 / 5 0 7 / ,  S a h l b o m  1 9 1 5 / 5 0 8 / ,  O h a s h i  1 9 2 0 / 6 l 4 / ,  N a k a i  1 9 4 0 / 5 0 9 / )  a n d  
e l s e w h e r e  / 6 0 1 - 2 ,  6 1 5 ,  6 3 0 /  p o r t e n d e d  l a t e r  m e t h o d s  o f ' u r a n i u n i  p r o s -
p e c t i n g .  W e r e  t h e s e  p a p e r s  t o  a p p e a r  t o d a y ,  w e  s h o u l d  p r o b a b l y n o t  
h e s i t a t e  t o  d e s c r i b e  s o m e  o f  t h e m  a s  " o r i e n t a t i o n  s t u d i e s ' . ' .  - B u t  t h e y  
.  .  -
w e r e  w r i t t e n  b e f o r e  t h i s  p h r a s e  w a s  coined~ a n d  o n e  c o u l d  l e g i t i m a t e l y  
a r g u e  t h a t  t h e  a u t h o r s  o f  t h e s e  w o r k s  d o  n o t ,  i n  s o  m a n y  w o r d s ,  s u g g e s t  
t h a t  t h e i r  m e t h o d s  b e  e m p l o y e d  t o  l o c a t e  e x p l o i t a b l e  c o n c e n t r a t i o n s o f  
u r a n i u m  o r e .  T h i s  p o s s i b i l i t y  i s  n e v e r t h - e l e s s  c l e a r l y  i m p l i e d  i n  a t  
l e a s t  s o m e  o f  t h e s e  e a r l i e s t  w o r k s ,  a s  t h e  f o l l o w i n g  q u o t a t i o n s  w i l l  
s h o w :  " I t  c a n  b e  a n t i c i p a t e d  t h a t  w a t e r s  w h i c h  r i s e  t h r o u g h  s t r a t a  
c o n t a i n i n g  a p p r e c i a b l e  q u a n t i t i e s  o f  u r a n i u m  m i n e r a l s  w i l l  b e  f o t i r r d  
m o r e  h i g h l y  r a d i o - a c t i v e  t h a n  a n y  w h i c h  h a v e  t h u s  f a r  b e e n  described~ 
T h e  r e s u l t s  o b t a i n e d  f r o m  t h e  e x a m i n a t i o n  o f  w a t e r s  f r o m  s p r i n g s  i n  w e l l -
k n o w n  u r a n i u m  l o c a l i t i e s  c a n  b e  l o - o k e d  f o r w a r d  t o  w i t h  i n t e r e s t "  ( B o l  t w o o d  
1 9 0 4 / 1 1 2 3 / ) .  
" T h e  f o r e g o i n g  a r g u m e n t  o f  c o u r s e  d o e s  n o t  e x c l u d e  t h e  p o s s i b i l i t y  
o f  t h e  u n d e r g r o u n d  f l o w  t o u c h i n g  v e r y  a c t i v e  s u b s t a n c e s  b u t  t h e  p r e s e n c e  
o f  s u c h  m a t e r i a l  c a n  n o t  b e  i n f e r r e d  f r o m  t h e  e x i s - t e n c e  o f  a  h i g h l y  
r a d i o a c t i v e  w a t e r  o r  g a s ·  w i t h o u t  o t h e r  e v i d e n c e .  I f  a  s p r i n g  h a p p e n e d  
t o  b e  s o  s i t u a t e d  t h a t  i t s  w a t e r  c a m e  i n  c o n t a c t  w i t h  a  m a t e r i a l  w h i c h  
c o u l d  b e  c l a s s i f i e d  a s  e v e n  a  l o w  g r a d e  r a d i o a c t i v e  o r e ;  a n d  f u r t h e r  
i f  i t  h a d  t h e  l a r g e  a n d  r a p i d  f l o w  c h a r a c t e r i s t i c  o f  m o s t  o f  t h e  s p r i n g s  
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e x a m i n e d  i n  t h i s  w o r k ,  i t  s e e m s  f a i r l y  c e r t a i n  t h a t  i t  w o u l d  s h o w  a n  
a c t i v i t y  o f  a  d i f f e r e n t  o r d e r  o f  m a g n i t u d e  f r o m  t h o s e  r e c o r d e d  i n  t h e  
t a b l e s  a b o v e "  ( L e s t e r  1 9 1 5 / 1 1 2 4 / ) ,  
T o  t h e  w r i t e r ' s  k n o w l e d g e ,  t h e  o l d e s t  " m o d e r n ' '  p u b l i c a t i o n  t h a t  
i s  indisputa~ly c o n c e r n e d  w i t h  h y d r o g e o c h e m i c a l  e x p l o r a t i o n  w a s  w r i t t e n  
b y  H e n n i g e r  i n  1 9 2 5  / 1 1 2 5 / .  T h i s  n e g l e c t e d  p a p e r  i s  h i g h l y  s i g n i f i c a n t  
b e c a u s e ,  a s  t h e  a u t h o r  h a s  p o i n t e d  o u t  e l s e w h e r e  / 1 1 2 2 / ,  i t  m a k e s  " m o d e r n "  
g e o c h e m i c a l  p r o s p e c t i n g  t e n  y e a r s  o l d e r  t h a n  a n y  h i s t o r i a n s  o f  t h e  
s u b j e c t  h a d  h i t h e r t o  s u s p e c t e d .  I t  i s  w o r t h  q u o t i n g  a t  l e n g t h  f r o m  
H e n n i g e r :  " F o r  s e v e r a l  y e a r s  t h e  G u l f  P r o d u c t i o n  C o m p a n y  h a s  b e e n  
c o l l e c t i n g  a n d  a n a l y z i n g  s a m p l e s  o f  w a t e r s  f r o m  t h e  k n o w n  s a l t  d o m e s  
t h r o u g h o u t  t h e  C o a s t a l  B e l t  o f  T e x a s  a n d  L o u i s i a n a .  T h e  o b j e c t  o f  
t h e  w o r k  w a s  t o  d e t e r m i n e  w h e t h e r  o r  n o t  w a t e r s  w i t h  h i g h  m i n e r a l  c o n -
t e n t  w e r e  o f  l o c a l  o c c u r r e n c e  o y e r  t h e  s a l t  c o r e s  o f  d o m e s ,  a n d  t o  
c o m p a r e  t h e  r e s u l t s  o b t a i n e d  w i t h  s h a l l o w  w a t e r s  f r o m  o t h e r  l o c a l i t i e s  
w h i c h  a p p e a r  t o  b e  h i g h l y  m i n e r a l i z e d .  A p p r o x i m a t e l y  o n e  t h o u s a n d  
w a t e r s  h a v e  b e e n  a n a l y z e d  i n  t h i s  w o r k  . . . . .  T h e  a n a l y s e s  s h o w  t h a t  
t h e  w a t e r s  o f  t h e  k n o w n  d o m e s  v a r y  w i d e l y  i n  t h e i r  s u l p h u r  c o n t e n t  . . . . .  
I n  t h e  c a s e  o f  B a r b e r ' s  H i  1 1  . . . . .  a n  a v e r a g e  o f  a l l  t h e  a n a l y s e s  g i v e s  
a  h i g h e r  c o n c e n t r a t i o n  o v e r  t h e  s a l t  c o r e  t h a n  t h e  a n a l y s e s  o f  t h e  
w a t e r s  t a k e n  o f f  t h e  s a l t  . . . . .  B y  a  p r o c e s s  o f  a v e r a g i n g ,  a  s m a l l  
a r e a  o f  h i g h  c o n c e n t r a t i o n  c a n  b e  d e t e c t e d  o v e r  t h e  s a l t  b o t h  a t  
H o c k l e y  a n d  D a m o n  H o u n d  . . . . .  I n  t h e  i n v e s t i g a t i o n  o f  w a t e r s  f r o m  
l o c a l i t i e s  o t h e r  t h a n  s a l t  d o m e s ,  s e v e r a l  s m a l l  a r e a s  w e r e  f o u n d  w h i c h  
a r e  c h a r a c t e r i z e d  b y  a n  a b n o r m a l l y  h i g h  p e r c e n t a g e  o f  b o t h  s u l p h a t e  
a n d  s u l p h u r e t t e d  h y d r o g e n .  I n  s o m e  i n s t a n c e s ,  s h a l l o w  w a t e r s  a r e  a s  
h i g h l y  i m p r e g n a t e d  ~v-ith t h e s e  c o n s t i t u e n t s  a s  a n y  d o m e  w a t e r s  t h a t  
·~·­
~ \  
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h a v e  c o m e  t o  o u r  a t t e n t i o n  
A c t u a l  d r i l l i n g  o f  t h e s e  p r o s p e c t s  
h a s  g i v e n  n o  e v i d e n c e  t h a t  t h e  s u l p h u r  c o n t e n t  o f  t h e s e  w a t e r s  i s  d u e  
t o  a  b u r i e d  d o m e  . • • • •  i t  i s  q u i t e  p r o b a b l e  t h a t  t h e  s u l p h u r  w a t e r  
i n  a  n u m b e r  o f  l o c a l i t i e s  m o r e  o r  l e s s  r e m o t e  f r o m  k n o w n  s a l t  d o m e s  
h a s  t h e  s a m e  s o u r c e  a s  t h e  d e e p  w a t e r s  d i r e c t l y  a s s o c i a t e d  w i t h  a  
b u r i e d  s a l t  c o r e  . • • • .  A c t u a l  d r i l l i n g  h a s  p r a c t i c a l l y  c o n d e m n e d  
s e v e r a l  o f  t h e  m o s t  p r o m i s i n g  a r e a s ,  e m p h a s i z i n g  t h e  f a c t  t h a t  n e w  
s a l t  d o m e s  a r e  n o t  r e a d i l y  l o c a t e d  o n  t h e  e v i d e n c e  o f  s u l p h u r  w a t e r  
a l o n e  • • • . .  " .  
O n l y  a  h a n d f u l  o f  a d d i t i o n a l  s t u d i e s  o f  t h e  u s e  o f  w a t e r  s a m p l i n g  
i n  g e o c h e m i c a l  p r o s p e c t i n g  t o o k  p l a c e  b e f o r e  1 9 4 1 .  T h e s e  i n c l u d e  t h e  
e a r l i e s t  " m o d e r n "  r e c o r d  o f  a  t r u e  s u r f a c e  h y d r o g e o c h e m i c a l  s u r v e y ,  
b y  V o g t ,  i n  1 9 3 9  / 8 6 / .  H e  s h o w e d  t h a t  s t r e a m  w a t e r s  d r a i n i n g  c e r t a i n  
N o r w e g i a n  s u l p h i d e  d e p o s i t s  c o n t a i n e d  e a s i l y  d e t e c t a b l e  a m o u n t s  o f  
s u l p h a t e  i o n  a n d  s u g g e s t e d  t h a t  t h i s  f a c t  b e  u t i l i z e d  f o r  e x p l o r a t i o n  
p u r p o s e s .  A  p a p e r  b y  F e i g e l s o n  i n  1 9 4 0  / 8 9 /  d e a l s  w i t h  t h e  a n a l y s i s  
o f  s u r f a c e  a n d  u n d e r g r o u n d  b r i n e s  i n  t h e  s e a r c h  f o r  b o r a t e  d e p o s i t s .  
H e  a l s o  m a k e s  t h e  i m p o r t a n t  o b s e r v a t i o n  t h a t  t h e  r · a t i o  o f  c o m p o n e n t s  
o f  t h e s e  w a t e r s  ( i n  t h e  c a s e  H 3 B 0 3 / B r )  m a y  b e  a  m o r e  u s e f u l  i n d i c a t o r  
t h a n  a b s o l u t e  c o n c e n t r a t i o n s .  
T h e  y e a r  1 9 4 0  s a w  a l s o  a  r e m a r k a b l y  a d v a n c e d  g r o u n d w a t e r  s t u d y  b y  
M i h o l i c  i n  n o r t h w e s t e r n  C r o a t i a  ( Y u g o s l a v i a ) ,  b u t  t h e  r e s u l t s  w e r e  n o t  
p u b l i s h e d  u n t i l  1 9 5 0  / 1 0 8 / .  H e  u s e d  h e a v y  m e t a l  a n a l y s i s  o f  m i n e r a l  
a n d  t h e r m a l  w a t e r s  a s  a  r e g i o n a l  r e c o n n a i s s a n c e  p r o s p e c t i n g  g u i d e ,  t o  
s i n g l e  o u t  r e g i o n s  f a v o u r a b l e  f o r  f u r t h e r  s t u d y .  A p p a r e n t l y  t h i s  
m e t h o d  e n j o y e d  s o m e  s u c c e s s  i n  t h e  s e a r c h  f o r  c o p p e r  d e p o s i t s .  
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4 . 1 2  T H E  I N F A N T '  S C I E N C E  :  1 9 4 1  r o ·  1 9 4 8  
I t  c a n  s c a r c e l y  b e  s a i d  t h a t  t h e  w o r k  o f  H e n n i g e r ,  M i c h o l i c ,  e t c .  
t o o k  t h e  w o r l d  o f  m i n e r a l  e x p l o r a t i o n  b y  s t o r m  a n d ,  t o  b e  s e e n  i n  
p e r s p e c t i v e ,  t h e s e  e a r l i e s t  d e s c r i p t i o n s  o f  a p p l i e d  s t u d i e s  i n  g r o u n d -
w a t e r  h y d r o g e o c h e m i c a l  e x p l o r a t i o n  m u s t  b e  v i e w e d  a s  i s o l a t e d  e x a m p l e s .  
T h e  s a m e  a p p e a r s  t o  b e  t r u e  f o r  t h e  i n t e r v a l  1 9 4 1 - 1 9 4 8 .  R e p o r t s  c o n -
c e r n e d  w i t h  g r o u n d w a t e r  h y d r o g e o c h e m i c a l  e x p l o r a t i o n  w e r e  s t i l l  a  
r a r i t y  d u r i n g  t h i s  p e r i o d  a n d  f e w  o f  t h e m  c a n  b e  c o n s i d e r e d  t o  h a v e  
c o n s t i t u t e d  a n  i m p o r t a n t  a d v a n c e  i n  t h e  s c i e n c e .  A  p o s s i b l e  e x c e p t i o n  
i s  t h e  w o r k  o f  T a g e e v a  ( 1 9 4 2 / 1 8 1 / ) ,  w h o  r e c o r d e d  t h e  r e s u l t s  o f  h i s  
e n q u i r y  i n t o  t h e  c o n n e c t i o n  b e t w e e n  p e t r o l e u m *  d e p o s i t s  a n d  t h e  f l u o r i n e  
a n d  b o r o n  c o n t e n t s  o f  n a t u r a l  w a t e r s .  A s  h a d  b e e n  t h e  c a s e  i n  t h e  
t h i r t i e s ,  m o s t  o f  t h e  h i s t o r i c a l l y  i m p o r t a n t  d e v e l o p m e n t s  w e r e  ~ade 
i n  v a r i o u s  p e r i p h e r a l  a r e a s  o f  s t u d y  r a t h e r  tha~ a s  a  r e s u l t  o f  c a s e  
h i s t o r i e s  i n v o l v i n g  t h e  s a m p l i n g  o f  g r o u n d w a t e r s .  F o r  p u r p o s e s  o f  
r e v i e w  t h i s  p r o g r e s s  c a n  c o n v e n i e n t l y  b e  c o n s i d e r e d  w i t h i n  a  f e w  l o o s e  
g r o u p s  o f  t o p i c s :  
*  A  s u b s t a n t i a l  l i t e r a t u r e  h a s  e v o l v e d  a r o u n d  t h i s  s u b j e c t  / 5 1 ,  7 8 ,  
1 1 8 ,  1 5 5 ,  3 8 6 - 7 / ,  w h i c h  i n c l u d e s  ( u s u a l l y  d e e p - w e l l )  g r o u n d w a t e r  
s a m p l i n g  a s  a n  a i d  t o  t h e  l o c a t i o n  o f  d e p o s i t s  o f  p e t r o l e u m  o r  g a s .  
T h e s e  t e c h n i q u e s  h a v e  l i t t l e  b e a r i n g  o n  t h e  s e a r c h  f o r  r e l a t i v e l y  
s h a l l o w l y  b u r i e d  m i n e r a l  o r e s  ( c f .  t h e  w o r k  o f  I g n a t o v i c h  / 6 4 5 / ,  
s u b s e c t i o n  ( A )  f o l l o w i n g ) ,  a n d  t h e  h i s t o r i c a l  g r o w t h  o f  t h e  l i t e r a t u r e  
o f  p e t r o l e u m  e x p l o r a t i o n  g e o c h e m i s t r y  w i l l  n o t  b e  f o l l o w e d  i n  g r e a t  
d e t a i l  h e r e .  
· : . " _  
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( A )  S u p p l e m e n t a r y  s t u d i e s  o f  s u b t e r r a n e a n  w a t e r s ,  p e r t i n e n t  t o  t h e  
u n d e r s t a n d i n g  o f  t h e  r e l a t i o n s h i p  b e t w e e n  t h e  c h e m i s t r y  o f  s u c h  
w a t e r s  a n d  r o c k s  a n d  o r e s  
T h e s e  s t u d i e s  ( e . g .  / 5 0 ,  1 8 2 ,  3 6 8 - 9 ,  6 5 3 / ) ,  w h i c h  c a n  b e  c o m p a r e d  
t o  t h o s e  o f  e a r l i e r  w o r k e r s  s u c h  a s  K h i t a r o v  a n d  M u l i k o v s k a i a  / 1 7 7 /  a n d  
E m m o n s  a n d  H a r r i n g t o n  / 4 4 3 / ,  m i g h t ,  l o o s e l y  s p e a k i n g ,  b e  t e r m e d  " n o n -
- c a s e  h i s t o r i e s " ,  a n d  w e r e  m a i n l y  c o n c e r n e d  w i t h  g e o h y d r o l o g y ,  w a t e r /  
r o c k  r e a c t i o n s  o r  t h e  g e o c h e m i s t r y  o f  m i n e  w a t e r s .  
J a r r e l l  / 5 0 /  p u b l i s h e d  a  r e m a r k a b l e  p a p e r  r e c o r d i n g  a  s t u d y  o f  
o x i d a t i o n  p r o c e s s e s  i n  a n  o x i d e / s u l p h i d e  c o p p e r  m i n e  a t  C h u q u i c a m a t a  
1 n  C h i l e .  H e  a t t e m p t s  t o  r e l a t e  t h e s e  p r o c e s s e s  t o  t h e  p r o p e r t i e s  o f  
t h e  o r e  m i n e r a l s  a n d  t o  h y d r o l o g i c a l  f a c t o r s .  H e  l i s t s  s e v e r a l  g r o u n d -
w a t e r  a n a l y s e s  f o r  s u l p h a t e ,  c h l o r i d e ,  n i t r a t e ,  s i l i c a t e ,  N a ,  K ,  M g ,  C a ,  
F e ,  C u ,  M n ,  M o  a n d  f r e e  a c i d .  H e  d i s c u s s e s  t h e s e  r e s u l t s  a t  l e n g t h  a n d  
c l e a r l y  u n d e r s t o o d  t h a t  t h e  c h e m i c a l  c o m p o s i t i o n  o f  t h e  g r o u n d w a t e r  w a s  
a  r e f l e c t i o n  o f  o x i d i z a t i o n  p r o c e s s e s  i n  t h e  a d j a c e n t  o r e .  W h a t  i s  
r e m a r k a b l e  i s  t h a t  h e  g i v e s  n o  i n d i c a t i o n  t h a t  h e  w a s  a w a r e  o f  t h e  
p o t e n t i a l  a p p l i c a t i o n  o f  h i s  f i n d i n g s .  
M u l i k o v s k a i a  ( 1 9 4 7 / 1 8 2 / )  c o n d u c t e d  a  s i m i l a r  s t u d y  o f  t h e  g e o c h e m i c a l  
c h a r a c t e r i s t i c s  o f  m i n e  w a t e r s  i n  s u l p h i d e  o r e  b o d i e s  b u t  h i s  c o n c l u s i o n s  
a r e  n o  m o r e  p e n e t r a t i n g  t h a n  t h o s e  o f  J a r r e l l .  
I n  a n  i m p o r t a n t  p a p e r  i n  1 9 4 4 ,  I g n a t o v i c h  / 6 4 5 /  r e c o g n i z e d  t h a t  t h e  
d i s t r i b u t i o n  o f  d i s s o l v e d  c o m p o n e n t s  ( i n c l u d i n g  s a l t s  a n d  g a s e s ) ,  o r g a n i c  
m a t t e r  a n d  m i c r o - o r g a n i s m s  i n  g r o u n d w a t e r s  a r e  d i s t i n c t i v e l y  a n d  r e g u l a r -
l y  z o n e d  w i t h i n  t h e  v e r t i c a l  c r o s s - s e c t i o n  t h r o u g h  t h e  f i r s t  f i v e  k i l o -
m e t e r s  o f  t h e  l i t h o s p h e r e .  T h e  c h a r a c t e r i s t i c s  o f  t h e  s h a l l o w e r  g r o u n d -
w a t e r s  w i t h  w h i c h  t h e  n~~spector w i l l  n o r m a l l y  b e  d e a l i n g  a r e  v e r y  d i f f e r -
e n t  f r o m  w a t e r s  o c c u r r i n g  o r  o r i g i n a t i n g  i n  t h e  d e e p e r  c r u s t .  
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( B )  I n v e s t i g a t i o n s  o f  n a t u r a l  p h e n o m e n a  w h i c h  a f f e c t  t h e  c o n c e n t r a t i o n  
a n d  m o v e m e n t  o f  t h e  c h e m i c a l  e l e m e n t s  i n  w a t e r  
D u r i n g  t h i s  p e r i o d  t h e  t h e o r e t i c a l  a n d  e m p i r i c a l  u n d e r s t a n d i n g  
o f  t h e  c o n t r o l s  o f  s e c o n d a r y  d i s p e r s i o n  a n d  m o b i l i t y  b e c a m e  q u i t e  
s o p h i s t i c a t e d  ( e . g .  / 3 7 1 - 3 ,  3 9 2 - 3 / ) .  
O n e  c r u c i a l  d e v e l o p m e n t  o f  t h e  e a r l y  f o r t i e s  ( w h i c h  f o l l o w e d  
l o g i c a l l y  f r o m  p i o n e e r i n g  c h e m i c a l  s e d i m e n t o l o g i c a l  w o r k  / 1 4 9 /  a n d  
c l a s s i c  s t u d i e s  b y  g e o c h e m i s t s  s u c h  a s  G o l d s c h m i d t  a n d  o t h e r s  / 3 9 4 - 5 /  
i n  t h e  t h i r t i e s )  \ v a s  t h e  f u l l  r e c o g n i t i o n  o f  t h e  i m p o r t a n c e ,  t o  h y d r o -
g e o c h e m i c a l  p r o s p e c t i n g ,  o f  c o - p r e c i p i t a t i o n  a n d  s o r p t i o n  e f f e c t s  i n  
n a t u r a l  a q u a t i c  s y s t e m s  / 1 0 4 - 5 ,  1 4 8 ,  3 7 0 ,  3 9 9 ,  4 0 0 / .  T h u s  V o g t  1 9 4 2 / 1 0 4 /  
s h o w e d  t h a t  Z n ,  C u ,  N i ,  C o  a n d  C a  a r e  c o - p r e c i p i t a t e d  w i t h  m a n g a n e s e  
h y d r o x i d e s  i n  b o g s  a n d  l a k e s .  H e  s u g g e s t e d  t h a t  t h e s e  p r e c i p i t a t e s  
m i g h t  b e  u s e d  a s  a  p r o s p e c t i n g  m e d i u m .  
I t  w a s  a l s o  c l e a r l y  u n d e r s t o o d  t h a t  t h e  f o r m a t i o n  o f  t h e  i n i t i a l  
p r e c i p i t a t e s  s u c h  a s  m a n g a n e s e  h y d r o x i d e  w a s  i n  t u r n  v e r y  d e p e n d e n t  
o n  a m b i e n t  p H .  I n  1 9 4 2  B r i t t o n  ( T a b l e  1 )  p u b l i s h e d  d a t a  f o r  t h e  p H  
o f  h y d r o l y s i s  o f  m a n y  m e t a l s :  
T A B L E  
1 .  
p H  
O F  
P R E C I P I T A T I O N  
O F  
H Y D R O X I D E  
O R  
B A S I C  
S A L T  F R O M  
D I L U T E  S O L U T I O N S  
( B R L T T O N  
1 9 4 2 / 4 1 5 L )  
S i l v e r  7 . 5 - 8 . 0  
F e r r o u s  5 . 5  
Z i n c  
7 . 0  
C u p r i c  5 . 3  
C o b a l t  6 . 8  
A l u m i n i u m  4 . 1  
N i c k e l  6 . 7  
S t a n n o u s  2  
L e a d  
6 . 0  
F e r r i c  2  
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I n  a d d i t i o n  . t o  t h e  c o m p l e x  p h e n o m e n a  o f  p r e c i p i t a t i o n / c o - p r e c i p i t a t -
i o n ,  p r i n c i p l e  a r e a s  o f  r e l e v a n t  r e s e a r c h  w e r e  t h e  r o l e  o f  r e d o x  p o t e n t i a l  
i n  t h e  a c c u m u l a t i o n  a n d  d i s p e r s i o n  o f  t h e  e l e m e n t s  ( e . g .  K r y u k o v  a n d  
L e v c h e n k o  1 9 4 7 - 8 / 6 5 0 - 2 /  a n d  o t h e r s  / 3 6 7 ,  4 1 1 / ) ,  t h e  e f f e c t  o f  i o n  
e x c h a n g e  b e t w e e n  d i s s o l v e d  e l e m e n t s  a n d  o r g a n i c  a n d  c o l l o i d a l  s u b s t a n c e s  
/ 3 7 1 ,  4 0 1 ,  5 2 3 /  a n d  t h e  g e n e r a l ,  c o m p l e x  i n t e r a c t i o n s  t h a t  m a y  o c c u r  
b e t w e e n  o r g a n i s m s  o r  o r g a n i c  m a t t e r  a n d  t r a c e  e l e m e n t s  / 4 0 5 - 1 0 ,  5 3 0 / .  
V o l k o v a  ( 1 9 4 6 / 6 4 9 / ) ,  f o r  i n s t a n c e ,  s h o w e d  t h a t  t h e  m i c r o f l o r a  o f  ( a n d  
o t h e r  b i o l o g i c a l  p r o c e s s e s  i n )  c e r t a i n  m i n e r a l  s p r i n g s  h a d  a n  i m p o r t a n t  
r o l e  i n  t h e  c o n d i t i o n i n g  o f  t h e s e  w a t e r s .  
S o m e  n o t a b l e  e m p i r i c a l  s t u d i e s  o f  m o b i l i t y  i n  s u r f a c e  w a t e r s  w e r e  
r e p o r t e d .  T h u s  S e r g e e v  ( 1 9 4 6 / 3 4 7 / )  d i s c u s s e d  t h e  r o l e  o f  p H  i n  t h e  
c o n t r o l  o f  m e t a l  c o n c e n t r a t i o n s  i n  s t r e a m  w a t e r s  a n d  s h o w e d  t h a t  t h e  
m o b i l i t y  o f  C u  i n  s o m e  m i n e r a l i z e d  a r e a s  w a s  g r e a t l y  e n h a n c e d  b y  a  
r e l a t i v e l y  s m a l l  d e c r e a s e  i n  p H .  
I n  1 9 4 7  L e a c h  / 9 3 /  r e p o r t e d  o n  t h e  r e l a t i v e  p e r s i s t e n c e  o f  C u ,  Z n  
a n d  F e  a t  s u b - p p m  l e v e l s  u p  t o  3 2  m i l e s  d o w n s t r e a m  f r o m  t h e  s o u r c e  o f  
t h e  m e t a l s .  H e  c o n f i r m e d  t h a t  C u  i s  v e r y  i m m o b i l e  a t  p H  v a l u e s  a b o v e  
5 , 5 .  
I n  a n  i n t e r e s t i n g  s t u d y  i n  1 9 4 8 ,  B r y a n t  a n d  S l a t e r  / 5 2 2 /  n o t e d  
t h a t  t h e  s o l u b l e  s a l t  c o n t e n t  o f  r u n o f f  w a t e r s  w a s  h i g h e s t  j u s t  a f t e r  
t h e  f i r s t  r a i n s  o f  t h e  s e a s o n ,  a s  a c c u m u l a t e d  s a l t s  w e r e  s w e p t  a w a y ,  
a n d  t h a t  t h e  s a l t  c o n c e n t r a t i o n  d e c r e a s e d  a g a i n  w i t h  s u b s e q u e n t  
a d d i t i o n a l  r u n o f f .  
( C )  A n a l y t i c a l  t e c h n i q u e s  
I m p o r t a n t  a d v a n c e s  w e r e  a c h i e v e d  b e t w e e n  1 9 4 1  a n d  1 9 4 8 .  S p e c t r o -
g r a p h i c  t e c h n i q u e s  w e r e  t h e  o r d e r  o f  t h e  d a y ,  a t  l e a s t  i n  t h e  e a r l y  f o r t i e s  
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/ 1 1 8 / ,  b e c a u s e  t h e y  o f f e r e d  t h e  a d v a n t a g e s  o f  s p e e d  a n d  s i m u l t a n e o u s  
m u l t i - e l e m e n t  c a p a b i l i t y .  O f  t h e  a d d i t i o n a l  m e t h o d s  o f  a n a l y s i s  t h a t  
a p p e a r e d  b e f o r e  1 9 4 8 *  ( e . g .  / 1 1 8 ,  1 2 3 ,  4 1 6 / )  t h e  o n e  t h a t  o f f e r e d  t o  
b e  o f  m o s t  u s e  i n  h y d r o g e o c h e m i c a l  p r o s p e c t i n g  w a s  p o l a r o g r a p h y  / 3 6 4 ,  
4 1 7 / ,  b u t  i n  f a c t  i t  n e v e r  d e v e l o p e d  i n t o  a n  i m p o r t a n t  t o o l  f o r  t h i s  
p u r p o s e  / 5 1 / .  
D e s p i t e  t h e s e  a d v a n c e s ,  i n t e r e s t  i n  h y d r o g e o c h e m i c a l  m e t h o d s  w a s  
s t i l l  l a r g e l y  i n h i b i t e d  b y  t h e  l a c k  o f  s i m p l e ,  s e n s i t i v e  a n a l y t i c a l  
p r o c e d u r e s  / 4 9 ,  5 3 ,  5 5 ,  9 1 / .  T h e r e f o r e  b y  f a r  t h e  m o s t  i m p o r t a n t  
b r e a k t h r o u g h  o f  t h e  f o r t i e s  w a s  t h e  a p p l i c a t i o n  o f  c o l o r i m e t r i c  a n a l y s i s * *  
t o  p r o s p e c t i n g  a n d  m o s t  e s p e c i a l l y  t o  t h e  e x a m i n a t i o n  o f  w a t e r s .  T h i s  
i n n o v a t i o n  w a s  h e r a l d e d  b y  H u f f ' s  p a p e r  ( 1 9 4 8 / 9 1 / )  d e s c r i b i n g  t h e  u s e  o f  
*  X R F  a n a l y s i s  f o r  p r o s p e c t i n g  p u r p o s e s  a l s o  b e g a n  i n  t h e  1 9 4 0 ' s  ( e . g .  
V o g t  a n d  B u g g e  1 9 4 3 / 4 1 8 / ) .  A l t h o u g h  t h i s  t e c h n i q u e  h a s  b e c o m e  o f  
i m m e n s e  i m p o r t a n c e  i n  g e o c h e m i c a l  a n a l y s i s ,  i t  h~s n e v e r  f o u n d  l a r g e  
s c a l e  a p p l i c a t i o n  i n  t h e  e x a m i n a t i o n  o f  n a t u r a l  w a t e r s .  
* *  T h e  u s e  o f  c o l o r i m e t r · i c  m e t h o d s  w a s  a  l o g i c a l  s e q u e l  t o  t h e  s p o t  
t e s t s  / 3 6 4 ,  4 1 9 /  t h a t  h a d  b e e n  u s e d  b y  S o v i e t  e x p l o r a t i o n  g e o c h e m i s t s  
s i n c e  1 9 4 1 ,  b u t  i t  w a s  i n  t h e  U . S . A .  t h a t  c o l o r i m e t r i c  a n a l y s i s  o f  
e x p l o r a t i o n  s a m p l e s  w a s  f i r s t  p e r f e c t e d  a n d  a p p l i e d  o n  a  l a r g e  s c a l e  
i n  1 9 4 8 - 1 9 4 9 ,  g e n e r a l l y  f o r  t h e  e x a m i n a t i o n  o f  s o l i d  m a t e r i a l  / 4 1 2 ,  
4 2 0 - 1 / .  
. .  
2 7 .  
d i t h i z o n e *  f o r  t h e  c o l o r i m e t r i c  d e t e c t i o n  o f  m a n y  h e a v y  m e t a l s  i n  w a t e r .  
A l m o s t  i m m e d i a t e l y  m o d i f i c a t i o n s  o f  o r  i m p r o v e m e n t s  t o  H u f f ' s  d i t h i z o n e  
t e s t s ,  a n d  n e w  c o l o r i m e t r i c  m e t h o d s ,  b e g a n  t o  a p p e a r  / 9 0 ,  1 0 9 - 1 1 ,  1 2 0 ,  
1 5 0 / .  
( D )  S u r f a c e  h y d r o g e o c h e m i c a l  p r o s p e c t i n g  
I t  i s  c e r t a i n l y  t r u e  t h a t  f o r  m o s t  o f  t h e  f o r t i e s  g e n e r a l  a d v a n c e s  
1 n  a p p l i e d  h y d r o g e o c h e m i c a l  p r o s p e c t i n g  r e s u l t e d  p r i n c i p a l l y  f r o m  s t u d i e s  
o f  s u r f a c e  w a t e r s  ( e . g .  / 9 0 ,  9 6 - 7 ,  1 8 3 ,  3 4 7 / ) .  D u r i n g  t h e  p e r i o d  1 9 4 1 -
1 9 4 8  t h e  n u m b e r  o f  p u b l i c a t i o n s  o n  o r  w i t h  s t r o n g  a f f i n i t i e s  t o  s u r f a c e  
h y d r o g e o c h e m i c a l  p r o s p e c t i n g  a v e r a g e d  a b o u t  t w o  p e r  a n n u m .  
*  T h e  d i t h i z o n e  ( d i p h e n y l t h i o c a r b a z o n e )  a n a l y t i c a l  m e t h o d  w a s  f i r s t  
p o p u l a r i z e d  b y  S a n d e l l  / 1 2 3 /  i n  1 9 4 4 .  H u f f ' s  p a p e r  i s  g e n e r a l l y  r e c o g -
n i z e d  a s  t h e  f i r s t  E n g l i s h  l a n g u a g e  p a p e r  t o  r e c o r d  t h e  u s e  o f  d i t h i -
z o n e  f o r  h y d r o g e o c h e m i c a l  p r o s p e c t i n g  p u r p o s e s .  I t  i s  p o s s i b l e  t h a t  
S e r g e e v  u s e d  c o l o r i m e t r y  a s  e a r l y  a s  1 9 4 6  / 5 3 ,  9 6 /  b u t  h i s  a n a l y t i c a l  
m e t h o d  i s  n o t  s t a t e d  a n d  h i s  p a p e r  w a s ,  i n  a n y  c a s e ,  n o t  a v a i l a b l e  
i n  E n g l i s h  u n t i l  1 9 5 0 .  F e w  p e o p l e  a r e  a w a r e  t h a t  S u g a w a r a  e t  a Z .  / 1 2 4 /  
a l s o  p u b l i s h e d  a  p a p e r  i n  1 9 4 8  r e c o r d i n g  t h e  u s e  o f  a  m o d i f i e d  v e r s i o n  
o f  S a n d e l l ' s . m e t h o d  f o r  s t u d y i n g  t h e  " n a t u r a l ·  d i s t r i b u t i o n  o f  C u  a n d  
Z n " .  T h i s  p a p e r  i s  i n  J a p a n e s e  a n d  i t  i s  n o t  c l e a r  w h e t h e r  w a t e r  w a s  
a n a l y z e d  o r  i f  t h e  J a p a n e s e  w o r k e r s  a n d  H u f f  w e r e  a w a r e  o f  e a c h  o t h e r ' s  
w o r k .  I n  t h i s  r e g a r d  i t  i s  i n t e r e s t i n g  t o  n o t e  t h e  c o m m e n t  m a d e  b y  
M u r a k a m i  e t  a Z .  / 6 4 0  p .  1 3 1 /  i n  t h e i r  s y n o p s i s  o f  t h e  o r i g i n s  (  1 9 4 3  
o n w a r d )  o f  J a p a n e s e '  c h e m i c a l  p r o s p e c t i n g ' : " I t  i s  t o  b e  n o t i c e d  t h a t  
c h e m i c a l ·  p r o s p e c t i n g  w a s  d e v e l o p e d  i n  J a p a n  i n d e p e n d e n t l y  o f  t h e  
a c t i v i t i e s  o f  o t h e r  c o u n t . r i e s  a n d  t h e  u s e  o f  d i p h e n y l  t h i o c a r b a z o n e  
( d i t h i z o n e )  a s  t h e  m o s t  u s e f u l  r e a g e n t  w a s  a  s t r a n g e  a n d  u n e x p e c t e d  
c o i n c i d e n c e " .  
' ,  
2 8 .  
F o r  i n s t a n c e ,  i n  1 9 4 1 ,  K o n o v a l o v  / 9 2 /  d e t e r m i n e d  A u  i n  s t r e a m  
w a t e r s  a n d  d e m o n s t r a t e d  t h a t  t h e  c o n c e n t r a t i o n  v a r i e d  w i t h  t i m e  a t  a  
g i v e n  l o c a l i t y .  A l s o  i n  1 9 4 1 ,  R o s e n q v i s t  a n d  V o g t  / 9 5 /  a p p l i e d  n e w l y -
d e v e l o p e d  t r a c e - a n a l y t i c a l  m e t h o d s  f o r  c o p p e r  t o  s t r e a m  w a t e r s  a t  R o r o s  
i n  N o r w a y .  T I 1 e y  s t u d i e d  t h e  c o n c e n t r a t i o n  o f  C u  i n  s i x t y - n i n e  s t r e a m s  
a n d  s e l e c t e d  s i x  w i t h  c o p p e r  c o n t e n t s  f r o m  0 , 0 5  t o  0 , 1 8 5  m g / 1  a s  
a n o m a l o u s .  O n e  n e w  o r e b o d y  w a s  d i s c o v e r e d  i n  t h e  f o l l o w - u p  w o r k .  
L u n d b e r g  ( 1 9 4 1 / 9 4 / )  r e c o r d e d  t h e  f i r s t  l a b o r a t o r y  e x p e r i m e n t s  t o  
a t t e m p t  t o  r e l a t e  t h e  s o l u b i l i t y  o f  n a t u r a l  e c o n o m i c a l l y  i m p o r t a n t  
m i n e r a l s  ( p l a c e r  g o l d  a n d  c a s s i t e r i t e )  t o  t h e  c o n c e n t r a t i o n  o f  e l e m e n t s  
( A u  a n d  S n )  i n  s t r e a m  w a t e r s .  
I n  a  n o w - f a m o u s  s t u d y  i n  1 9 4 6 ,  S e r g e y e v  / 3 4 7 /  d e m o n s t r a t e d  t h a t  
t h e  d e c a y  o f  h e a v y  m e t a l  a n o m a l i e s  i n  s t r e a m s  i s  a  f u n c t i o n  ( i n t e r  
a l i a )  o f  d i l u t i o n  f r o m  t r i b u t a r i e s ,  a n d  t h a t  s u d d e n ,  m a s s i v e  i n f l u x e s  
o f  w a t e r  f r o m  l a r g e ,  c o n f l u e n t  r i v e r s  c a n  r a p i d l y  d i l u t e  t h e  a n o m a l y  
t o  b a c k g r o u n d  l e v e l s .  
A  s t u d y  b y  H u f f  ( r e p o r t e d  i n  / 5 3  .  p .  3 1 0 / )  i n  1 9 4 7  a t  B u t t e ,  
M o n t a n a ,  s h o w e d  t h a t  t h e  C u / Z n  r a t i o  i n  s t r e a m  w a t e r s  c o u l d  b e  u s e d  
t o  d i s t i n g u i s h  b e t w e e n  d e c r e a s e s  i n  [ C u ]  d u e  t o  p r e c i p i t a t i o n  a s  
o p p o s e d  t o  d i l u t i o n .  S e v e r e  l o s s  o f  c o p p e r  o c c u r r e d  w h e n  t h e  p H  o f  
a c i d  m i n e  w a t e r s ,  d r a i n i n g  a w a y  v i a  n e a r b y  s t r e a m s ,  r o s e  a b o v e  5 , 0 .  
I n  1 9 4 8  H u f f  / 9 1 /  p r e s e n t e d  a  p a p e r  ( r e f e r r e d  t o  b r i e f l y  i n  t h e  p r e -
c e d i n g  s u b s e c t i o n  o n  A n a l y t i c a l  m e t h o d s )  t h a t  h a s  b e c o m e  o n e  o f  t h e  
c l a s s i c s  o f  e x p l o r a t i o n  g e o c h e m i s t r y .  H e  r e c o r d s  d i t h i z o n e  a n a l y s e s  
o f  s p r i n g ,  m i n e  a n d  g r o u n d w a t e r s  a s  w e l l  a s  s t r e a m  w a t e r s  i n  t h e  
U . S . A .  d u r i n g  1 9 4 7 ,  b u t  p r o v i d e s  n o  d e t a i l e d  d e s c r i p t i o n  o f  t h e  u s e ,  
f o r  p r o s p e c t i n g  p u r p o s e s ,  o f  w a t e r s  o t h e r  t h a n  s t r e a m  w a t e r s .  H e  
2 9  
a l s o  m a k e s  a  c l e a r  s t a t e m e n t  o f  t h e  c o n c e p t  o f  t h e  r e l a t i v e  s e c o n d a r y  
m o b i  1 i  t y  o f  v a r i o u s  h e a v y  m e t a l s  i n  n a t u r a l  w a t e r .  
I t  i s  d i f f i c u l t  f o r  t h e  E n g l i s h  s p e a k i n g  r e a d e r  t o  e s t a b l i s h  
e x a c t l y  w h a t  t h e  J a p a n e s e  w e r e  d o i n g  i n  t h i s  f i e l d  d u r i n g  t h i s  p e r i o d ,  
b u t  i t  i s  c l e a r  t h a t  t h e y  w e r e  v e r y  a c t i v e .  T h e  a n a l y s i s  o f  s t r e a m  
w a t e r s  b y  m e a n s  o f  c a r b o n  t e t r a c h l o r i d e  s o l u t i o n s  o f  d i t h i z o n e  b e c a m e  
a  v e r y  p o p u l a r  m e t h o d  o f  e x p l o r a t i o n  / 6 4 0 / .  I n  t y p i c a l  c a s e s  m o s t  
- 9  - 1 0  
o f  t h e  m e t a l  p r e s e n t  w a s  z i n c ,  a t  b a c k g r o u n d  v a l u e s  o f  1 0  o r  1 0  '  
g /  l .  E x p o s e d  o r  b l i n d  o r e  b o d i e s  w o u l d ,  u n d e r  f a v o u r a b l e  c i r c u m s t a n c e s ,  
c a u s e  t h e  m e t a l  v a l u e  t o  r i s e  t o  1 0 -
8  
g / 1 ,  b u t  t h i s  a n o m a l y  w o u l d  b e  
d i l u t e d  t o  b a c k g r o u n d  v a l u e s  o n c e  a g a i n  w i t h i n  3 0  t o  4 0  m  d o w n s t r e a m .  
" C h e m i c a l  p r o s p e c t i n g  b y  t h i s  m e t h o d  w a s  c a r r i e d  o u t  f o r  m o r e  t h a n  
o n e  h u n d r e d  s u l f i d e  o r e  m i n e s  f r o m  1 9 4 6  t o  1 9  5 7 "  / 6 4 0  p .  1 3 2 ,  7 1 0 / .  
H u f f ' s  p a p e r  a n d  t h e  w o r k  o f  t h e  J a p a n e s e  s h o w  t h a t  b y  1 9 4 8  
s t r e a m  w a t e r  p r o s p e c t . i n g  w a s  a  m a t u r e  a r t  a n d  t h a t  m a s t  o f  t h e  p r i n -
c i p l e s ,  i f  n o t  a l l  t h e  d e t a i l s ,  o f  h y d r o g e o c h e m i c a l  p r o s p e c t i n g  i n  
g e n e r a l  w e r e  w e l l  k n o w n .  T h i s  i n c r e a s i n g  s o p h i s t i c a t i o n  w a s  r e f l e c t e d  
a l s o  i n  n e w e r  p r o c e d u r e s  f o r  d a t a  h a n d l i n g ,  e t c .  F o r  e x a m p l e  S e r g e e v  
( 1 9 4 6 / 3 4 7 / )  d e s c r i b e d  d e t a i l e d  s a m p l i n g  p a t t e r n s  f o r  s t r e a m  w a t e r s .  
A  n u m b e r  o f  w r i t e r s  / 9 1 ,  1 0 2 ,  4 8 6 - 7 ,  4 9 1 - 3 /  f r o m  L a n g e l i e r  a n d  L u d w i g  
( 1 9 4 2 / 4 8 9 / ) t o  L a r s o n  ( 1 9 4 9 / 4 9 0 / )  c o n t r i b u t e d  t o  t h e  d e v e l o p m e n t  o f  
g r a p h i c a l  a n d  c a r t o g r a p h i c a l  m e t h o d s  f o r  t h e  p r e s e n t a t i o n  a n d  i n t e r p r e t -
a t i o n  o f  h y d r o g e o c h e m i c a l  d a t a .  
( E )  R e v i e w s  
A n  i n d i c a t i o n  o f  t h e  c o m i n g  o f  a g e  o f  a p p l i e d  h y d r o g e o c h e m i s t r y  
w a s  t h e  a p p e a r a n c e  i n  t h e  l a t e  f o r t i e s  o f  s e v e r a l  r e v i e w  p a p e r s  t h a t  
3 0 ,  
c o m m e n t  o n  t h e  a d v a n c e  o f  e x p l o r a t i o n  m e t h o d s  u s i n g  n a t u r a l  w a t e r s  
/ 9  8 - 1 0 3 / .  T h e y  d e a l  p r i n c i p a l l y  w i t h  s u r f a c e  w a t e r s ;  g r o u n d w a t e r  
p r o s p e c t i n g ,  a s  w e  h a v e  s e e n ,  h a d  s t i l l  n o t  y e t  m a d e  m u c h  p r o g r e s s .  
T h e  m o s t  i m p o r t a n t  o f  t h e s e  r e v i e w s  i s  t h e  o n e  b y  H a w k e s  / 9 9 /  i n  1 9 4 9 .  
H e  m a k e s  a  c l e a r  d i s t i n c t i o n  b e t w e e n  g r o u n d w a t e r  a n d  s u r f a c e  w a t e r  
p r o s p e c t i n g ,  b u t  c a n  l i s t  o n l y  a  f e w  e x a m p l e s  o f  p r e v i o u s  g r o u n d w a t e r  
p r o s p e c t i n g  i n v e s t i g a t i o n s  - v i z .  H u f f ' s  w o r k  / 9 1 /  a n d  t h e  f o l l o w i n g  
u n p u b l i s h e d  s u r v e y s :  o n e  b y  t h e  U . S . G . S .  o f  Z n  i n  s p r i n g s  i n  s o u t h -
w e s t e r n  W i s c o n s i n  a n d  w e l l  w a t e r  i n  N e w  Y o r k  S t a t e ,  a n d  t h e  o t h e r  o f  
C u  i n  d r i l l - h o l e  w a t e r  n e a r  a  c o p p e r  d e p o s i t  i n  A r i z o n a  ( t h i s  l a s t  
s u r v e y  l a t e r  p u b l i s h e d  b y  L o v e r i n g  e t  a l .  / 1 0 6 / ) .  H a w k e s  c o n c l u d e s ,  
i n  s u m m a r y ,  t h a t  Z n  h a s  g o o d  p o t e n t i a l  f o r  a p p l i c a t i o n  i n  g r o u n d w a t e r  
p r o s p e c t i n g ,  C u  i s  p r o m i s i n g ,  P h  g i v e s  n e g a t i v e  r e s p o n s e  a n d  n o  
i n f o r m a t i o n *  i s  a v a i l a b l e  f o r  S n ,  W ,  M o ,  N i  a n d  C r .  
*  T h e  e a r l i e r  S o v i e t  w o r k  d e s c r i b e d  i n  t h e  f o r e g o i n g  w a s  p r e s u m a b l y  n o t  
a v a i l a b l e  t o  H a w k e s  a t  t h a t  t i m e .  
4 , 1 3  E X P A N S I O N  
3 1 .  
1 9 4 9  T O  ' 1 9 5 2  
" G e  o c h e m i  c a  1  m e t h o d s  o f  p r o s  p e  c  t i  n g  a r e  b a s e d  
o n  t h e  p r e m i s e  t h a t  a  c h e m i c a l  p a t t e r n  e x i s t s  i n  
r e l a t i v e l y  a c c e s s i b l e  n a t u r a l  m a t e r i a l  t h a t  c a n  b e  
u s e d  a s  a  g u i d e  i n  l o c a t i n g  r e l a t i v e l y  i n a c c e s s i b l e  
d e p o s i t s  o f  v a l u a b l e  m i n e r a l s .  S u c h  c h e m i c a l  p a t t e r n s  
a r e  m o s t  c o m m o n l y  t h e  r e s u l t  o f  t h e  d i s p e r s i o n  o f  
e l e m e n t s  a n d  c o m p o u n d s  f r o m  t h e  s i t e  o f  p r i m a r y  
d e p o s i t i o n  o f  t h e  o r e ,  a n d  t h e y  a s s u m e  s h a p e s  c o n -
t r o l l e d  b y  t h e  c h a r a c t e r i s t i c s  o f  t h e  a g e n t s  o f  
d i s p e r s i o n  a n d  t h e  s t r u c t u r e  a n d  c o m p o s i t i o n  o f  
t h e  m a t e r i a l  t h r o u g h  w h i c h  t h e  d i s p e r s i o n  t a k e s  
p l a c e .  
I n  s p i t e  o f  t h e  
a p p a r e n t  c o m p l e x i t y  o f t h e  p r o b l e m ,  c o n s i d e r a b l e  
p r o g r e s s  h a s  b e e n  m a d e  i n  t h e  p a s t  1 5  y e a r s  b o t h  
i n  u n d e r s t a n d i n g  t h e  b a s i c  p r i n c i p l e s  a n d  i n  a p p l y i n g  
c h e m i c a l  t e c h n i q u e s  t o  p r a c t i c a l  e x p l o r a t i o n  p r o b -
l e m s " .  
H a w k e s ,  1 9 5 0 / 1 1 8  p p . 5 3 7 - 8 / .  
A f t e r  1 9 4 8  g r o u n d w a t e r  g e o c h e m i c a l  e x p l o r a t i o n ,  a l t h o u g h  v e r y  
y o u n g ,  c o u l d  r e a · s o n a b l y  i f  a r b i t r a r i l y  b e  r e g a r d e d  a s  a  d i s t i n c t  s u b -
d i s c i p l i n e  o f  h y d r o g e o c h e m i c a l  p r o s p e c t i n g ,  w i t h  a n  e m b r y o n i c  1 i  t e r a t u r e  
s e p a r a t e  f r o m  t h a t  o f  s u r f a c e  w a t e r  s a m p l i n g  m e t h o d s .  T h e  r a t e  o f  
p u b l i c a t i o n  o f  ~apers d e s c r i b i n g  g r o u n d w a t e r  s a m p l i n g  p r o j e c t s  i n c r e a s e d  
s h a r p l y .  
3 2 .  
4 . 1 3 1  T H E  E A S T  
T h u s  t h e  y e a r  1 9 4 9  m a r k s  t h e  b e g i n n i n g  o f  a  s e r i e s  o f  p a p e r s  o n  
g r o u n d w a t e r  p r o s p e c t i n g  s t u d i e s  b y  w o r k e r s  i n  J a p a n  / 1 0 7 ,  1 1 2 - 1 1 6 ,  1 2 2 / .  
M o s t  o f  t h i s  l i t e r a t u r e  i s  i n .  J a p a n e s e  a n d  i t  i s  d i f f i c u l t  t o  s a y  h o w  
m u c h  c r o s s - c o m m u n i c a t i o n  t h e r e  w a s  b e t w e e n  E a s t  a n d  W e s t  o n  t h i s  t o p i c  
a t  t h a t  t i m e .  Y o k o y a m a  ( 1 9 4 9 / 1 0 7 / )  f o u n d  a  r e l a t i o n s h i p  b e t w e e n  M n  
d e p o s i t s  a t  A w a n o  a n d  t h e  M n  c o n t e n t  o f  l o c a l  u n d e r g r o u n d  a n d  s u r f a c e  
w a t e r s  a n d  s u g g e s t e d  t h a t  t h i s  f a c t  b e  e m p l o y e d  i n  p r o s p e c t i n g .  H a y a s h i  
e t  a l .  ( 1 9 5 1 / 1 1 4 )  d e t e r m i n e d  p H ,  Z n ,  C u  a n d  s u l p h a t e  i n  g r o u n d - a n d  
s u r f a c e  w a t e r s  f r o m  v a r i o u s  a r e a s ;  o n  t h e  b a s i s  o f  t h e s e  m e a s u r e m e n t s  
t h e y  r e g a r d e d  s o m e  r e g i o n s  a s  h a v i n g  m o r e  p r o m i s e  t h a n  o t h e r s  f o r  
f u r t h e r  e x p l o r a t i o n .  K i m u r a  e t  a l .  ( 1 9 5 1 / 1 1 5 / )  d e t e r m i n e d  C u  a n d  Z n  
i n  g r o u n d - a n d  s u r f a c e  w a t e r s  n e a r  t h e  T a k a r a  m i n e .  T h e y  c o n c l u d e d  
t h a t  Z n  i s  m o r e  m o b i l e  t h a n  C u ,  b u t  t h a t  c o p p e r  w a s  a  b e t t e r  i n d i c a t o r  
o f  n e a r l y  m i n e r a l i s a t i o n .  
O h a s h i  ( 1 9 5 1 / 1 1 6 / )  s h a t o J e d  t h a t  t h e  c o m p o s i t i o n  o f  w a t e r s  o f  t h e  
O g o y a  m i n e  w e r e  h i g h l y  v a r i a b l e  ( s u l p h a t e  f r o m  5 6  t o  2 2 8 0  m g / 1 ,  C u  
0 , 2 - 1 2 3  m g / 1 ,  Z n  1 , 1 - 3 3 9  m g / 1 ) .  H e  a l s o  s h o w e d  t h a t  t h e  r e l e a s e  o f  
t h e s e  s u b s t a n c e s  w a s  g r e a t e r  n e a r  t h e  o x i d i z e d  u p p e r  l e v e l s  t h a n  
l o w e r  d o w n  t h e  o r e  v e i n .  
K i m u r a  e t  a l .  ( 1 9 5 1 / 1 1 3 / ) ,  i n  w h a t  w a s  p r o b a b l y  t h e  f i r s t  s t u d y  
o f  i t s  t y p e ,  d e m o n s t r a t e d  a  c o r r e l a t i o n  b e t w e e n  t h e  i r o n ,  s u l p h a t e  a n d  
Z n  c o n t e n t s  o f  w a t e r s  f r o m  s u b s u r f a c e  f r a c t u r e s  a n d  t h e  o c c u r r e n c e  o f  
o r e  a b o v e  u n d e r g r o u n d  w o r k i n g s  i n  t h e  H o s o k r a  M i n e  d i s t r i c t  o f  J a p a n .  
A p p a r e n t l y  a  n e w  o r e b o d y  w a s  d i s c o v e r e d  b y  t h i s  a p p r o a c h  / 5 3 / .  
A n  i n t e r e s t i n g  i n v e s t i g a t i o n  o f  t h e  l i t h i u m  a n d  c a e s i u m  c o n t e n t s  
o f  n a t u r a l  w a t e r s  a n d  h o t  s p r i n g s  w a s  c o n d u c t e d  b y  Y a m a g a t a  ( 1 9 5 1 / 6 3 9 / ) ,  
" f o r  t h e  p u r p o s e  o f  f i n d i n g  n e w  s o u r c e s  o f  t h e s e  e l e m e n t s "  / 6 4 0  p .  1 3 1 / .  
3 3 .  
S o v i e t  c o n t r i b u t i o n s *  o f  i m p o r t a n c e  d u r i n g  t h e  e a r l y  f i f t i e s  a r e  
a  d e t a i l e d  d i s c u s s i o n  b y  V a l y a s h k o  a n d  K o r e n e n k o  ( 1 9 5 0 / 1 1 7 / )  o f  t h e  
s i g n i f i c a n c e ,  i n  e x p l o r a t i o n ,  o f  c o n c e n t r a t i o n  r a t i o s  i n  n a t u r a l  w a t e r s ,  
a n d  a n  a t t e m p t  b y  M a k a r e n k o  ( 1 9 5 0 / 1 8 4 / )  t o  c o r r e l a t e  t h e  c o m p o s i t i o n s  
o f  r e g i o n a l  g r o u n d w a t e r s  w i t h  t h o s e  o f  l o c a l  s t r e a m  w a t e r s .  
4 . 1 3 2  T H E  W E S T  
I n  t h e  W e s t ,  a s  i n · t h e  U . S . S . R . ,  a  s m a l l  n u m b e r  o f  i m p o r t a n t  p a p e r s  
a p p e a r e d  d u r i n g  t h i s  p e r i o d .  I n  1 9 5 0  H a w k e s  / 1 1 8 / ,  i n  a n  e x p a n s i o n  o f  
h i s  1 9 4 9  s u m m a r y  o f  g e o c h e m i c a l  e x p l o r a t i o n  / 9 9 / ,  d i s c u s s e d  m a n y  m o d e r n  
t h e o r e t i c a l  c o n c e p t s  r e l a t e d  t o  d i s p e r s i o n  a n d  m o b i l i t y  i n  g r o u n d w a t e r ,  
e . g .  t h e  e f f e c t s  o f  h y d r o l o g i c a l  f a c t o r s ,  p H ,  E h ,  h y d r o l y s i s ,  c o m p l e x  
f o r m a t i o n  a n d  i o n  e x c h a n g e  i n  w a t e r / t r a c e - m e t a l  s y s t e m s ,  a n d  t r a c e  e l e m e n t  
s c a v e n g i n g  b y  h y d r o x i d e s  o f  i r o n  a n d  m a n g a n e s e .  
H e  d i s c u s s e s  s p e c i a l  
p r o b l e m s  o f  g r o u n d w a t e r  s a m p l i n g ,  s u c h  a s  d e a r t h  o f  s a m p l i n g  p o i n t s ,  
r e s t r i c t e d  r e l e a s e  o f  m e t a l s  f r o m  o r e b o d i e s  b e l o w  t h e  w a t e r  t a b l e  a n d  
p r o b l e m s  o f  c o n t a m i n a t i o n  o f  w e l l s  b y  m e t a l  f i t t i n g s .  
( H e  n o t e s  t h a t  
s p r 1 n g s  a r e  g e n e r a l l y  f r e e  o f  c o n t a m i n a t i o n ) .  
H a w k e s  a l s o  g i v e s  a  s u m -
m a r y  o f  t h e  a n a l y t i c a l  m e t h o d s  a v a i l a b l e  a t  t h a t  t i m e  ( c o l o r i m e t r i c  
m e t h o d s  s t i l l  b e i n g  t h e  m o s t  i m p o r t a n t )  a n d  s u m m a r i z e s  t h e  p o t e n t i a l  
a p p l i c a t i o n ,  i n  h y d r o g e o c h e m i c a l  e x p l o r a t i o n ,  o f  v a r i o u s  c h e m i c a l  s p e c i e s  
a s  f o l l o w s :  Z n  - m o s t  p r o m i s i n g ,  s u l p h a t e  - p r o m i s i n g ,  C u  - g e n e r a l l y  
n o t  u s e f u l  b u t  m a y  b e  i n  s p e c i a l  c a s e s .  
*  
A k h m e d s a f i n  ( 1 9 5 1 / 3 7 8 / )  w r o t e  a b o u t  t h e  " p r o s p e c t i n g  s i g n s  o f  u n d e r -
g r o u n d  w a t e r  i n  s a n d y  d e s e r t s " .  T h e  p a p e r  i s  u n f o r t u n a t e l y  u n o b t a i n a b l e  
a n d  i t s  s i g n i f i c a n c e  r e m a i n s  u n k n o w n .  
H e  m a y  w e l l  h a v e  m e a n t  p r o s p e c t i n g  
f o r  w a t e r  r a t h e r  t h a n  u s i n g  w a t e r  f o r  p r o s p e c t i n g .  
3 4 .  
A l s o  i n  1 9 5 0 ,  W e b b  a n d  M i l l m a n  / 1 1 9 ,  1 3 7 /  u s e d  d i t h i z o n e  t o  d e t e c t  
a n o m a l o u s  c o n c e n t r a t i o n s  o f  h e a v y  m e t a l s  i n  s p r i n g s  i s s u i n g  f r o m  o r e  
l o d e s  i n  t h e  l e a d - z i n c  b e l t  o f  N i g e r i a .  T h e s e  w a t e r s  c o n t a i n e d  u p  t o  
0 , 5  m g / 1  h e a v y  m e t a l s  a n d  t h e  a u t h o r s  c l e a r l y  r e c o g n i z e d  t h e  d i s t i n c t i o n  
b e t w e e n  t h e  d i s s o l v e d  a n d  s u s p e n d e d  m e t a l  f r a c t i o n s  o f  t h e  s a m p l e s .  
T h e  r e s u l t s  w e r e  v i e w e d  b y  t h e  w r i t e r s  a s  p r o m i s i n g .  
I n  1 9 5 1  H u f f  s t u d i e d  t h e  P h  c o n t e n t  o f  a c i d  s p r i n g s  i n  t h e  J u d i t h  
m o u n t a i n  a r e a  o f  M o n t a n a ,  b u t  a p p a r e n t l y  d i d  n o t  p u b l i s h  h i s  r e s u l t s  / 5 3 / .  
C o n s i d e r a b l e  c o n c e n t r a t i o n s  ( u p  t o  1 % )  o f  l e a d  w e r e  p r e c i p i t a t e d  n e a r  
t h e s e  s p r i n g s .  I n  t h e  s a m e  y e a r ,  W a r r e n  e t  a l .  / 1 5 0 /  r e p o r t e d  t h e  a n a l y s i s  
o f  s p r i n g  w a t e r  i n  t h e  P a c i f i c  n o r t h w e s t  o f  t h e  U . S . A .  T h e y  r e g a r d e d  
5  ~g/1 h e a v y  m e t a l s  a s  p r o m 1 s 1 n g .  
D u r i n g  a  p r o j e c t  s i m i l a r  t o  t h a t  p i o n e e r e d  b y  K i m u r a  e t  a l .  / 1 1 3 / ,  
L o v e r i n g  ( 1 9 5 2 / 5 1 1 / )  d e m o n s t r a t e d  a  d e f i n i t e  r e l a t i o n s h i p  b e t w e e n  t h e  
m e t a l  c o n t e n t  o f  d e s c e n d i n g  m i n e  w a t e r s  a n d  b o t h  t h e  d e g r e e  o f  m i n e r a l -
, i z a t i o n  ( o r e  g r a d e )  o f  t h e  c h a n n e l s  o f  m i g r a t i o n  a n d  t h e  d i s t a n c e  t h u s  
t r a v e l l e d .  
I n  c o n t r a s t  t o  a l l  t h i s  o p t i m i s m ,  L o v e r i n g  e t  a l .  ( 1 9 5 0 / 1 0 6 / )  g a v e  
a n  e x a m p l e  o f  a  c a s e  h i s t o r y  ( P i n a l  C o u n t y ,  A r i z o n a )  w h e r e  g r o u n d w a t e r  
p r o s p e c t i n g  d i d  n o t  w o r k . *  I t  w a s  f o u n d  t h a t  t h e  w a t e r s  f r o m  b o r e h o l e s  
i n  c o p p e r  d e p o s i t s  t h e r e  h a d  a  p H  o f  a b o u t  9  a n d  t h a t  h y d r o l y s i s  h a d  
l o w e r e d  t h e  c o p p e r  c o n c e n t r a t i o n  t o  u n d e t e c t a b l e  v a l u e s .  
*  T h i s  n e g a t i v e  r e s u l t  i s  s i g n i f i c a n t  i n  v i e w  o f  t h e  f a i r l y  w i d e s p r e a d  
s c e p t i c i s m  a b o p t  w e l l w a t e r  h y d r o g e o c h e m i c a l  p r o s p e c t i n g  t h a t  w a s  t o  
d e v e l o p  i n  t h e  f o l l o w i n g  f e w  y e a r s . _  T h u s  H a w k e s  / 5 3 /  s t a t e d  i n  1 9 5 7  
t h a t  " r e s u l t s  o f  e x p e r i m e n t a l  w e l l w a t e r  s a m p l i n g  h a v e  t o  d a t e  b e e n  
u n i f o r m l y  d i s c o u r a g i n g  . . . . •  " .  
3 5 .  
I n  a n  i m p o r t a n t  p a p e r  i n  1 9 5 2 ,  M o r r i s  a n d  L o v e r i n g  / 1 2 1 /  s t u d i e d  
t h e  m o b i l i t y  o f  m e t a l s  i n  g r o u n d w a t e r  a s  p a r t  o f  t h e i r  i n v e s t i g a t i o n  o f  
d i s p e r s i o n  o f  h e a v y  m e t a l s  i n  w a l l  r o c k s  n e a r  o r e  b o d i e s  i n  t h e  T i n t i c  
D i s t r i c t  o f  U t a h .  T h e y  a p p l i e d  d a t a  a n d  c o n c e p t s  f r o m  t h e o r e t i c a l  
c h e m i s t r y  t o  p r e d i c t  t h e  m o b i l i t y  o f  s e v e r a l  m e t a l s  i n  g r o u n d w a t e r  i n  
c o n t a c t  w i t h  c a r b o n a t e  a n d  o t h e r  c o u n t r y  r o c k s .  I n  c a r b o n a t e  r o c k s  
p r e d i c t e d  m o b i l i t i e s  a r e  a s  f o l l o w s :  
Z n  - f a i r l y  i m m o b i l e  
A g , C u - v e r y  i m m o b i l e  
A u ,  P b  - e x c e e d i n g l y  i m m o b i l e .  
T h i s  i s  i n  e x c e l l e n t  a g r e e m e n t  w i t h  t h e i r  f i e l d  o b s e r v a t i o n s  a n d  
t h o s e  o f  p r e v i o u s  w o r k e r s .  M o r r i s  a n d  L o v e r i n g  a l s o  r e c o r d e d  t h e o r e t i c a l  
a q u e o u s  p H  v a l u e s  a t  w h i c h  v a r i o u s  m e t a l s  n o r m a l l y  h y d r o l y s e  a n d  p r e -
c i p i t a t e .  T h e s e  p H  v a l u e s  m a y  b e  m o d i f i e d  b y  p r e c i p i t a t i o n  o f  i n s o l u b l e  
s p e c i e s  ( e . g .  A g +  i n  p r e s e n c e  o f  C l  )  o r  b y  c o m p l e x  f o r m a t i o n .  I n  
n a t u r a l  f r e s h  w a t e r s  o f  p H  > 6 ,  5  t h e  f o l l o w i n g  e l e m e n t s  H i  1 1  n o t  n o r m a l l y  
b e  s t a b l e  i r i  s o l u t i o n :  F e ( I I I , I I ) ,  C u ( I I , I ) ,  C r ,  U ( I V ) ,  A l ,  H g ( I ) ,  T h ,  
S n ( I I ) ,  Z n ,  A g  a n d  M n ( I I ) .  A t  p H  > 6 , 8  P b ,  C d ,  N i  a n d  C o  a r e  l i k e w i s e  
u n s t a b l e .  
I t  i s  n o t e w o r t h y  t h a t  t h e s e  o b s e r v a t i o n s  o n  p H  o f  h y d r o l y s i s  p a r t l y  
c o n t r a d i c t  t h e  e a r l i e r  d a t a  o f  B r i t t o n  ( 1 9 4 2 / 4 1 5 / ) .  T h i s  i s  a n  e a r l y  
e x a m p l e  o f  t h e  d i f f i c u l t i e s  i n h e r e n t  i n  a t t e m p t s  t o  q u a n t i f y  n a t u r a l  
h y d r o g e o c h e m i c a l  p h e n o m e n a  b y  m e a n s  o f  l a b o r a t o r y  e x p e r i m e n t s ,  t h e  
r e s u l t s  o f  w h i c h  a r e  g e n e r a l l y  o n l y  a  f u n c t i o n  o f  h o w  t h e  e x p e r i m e n t e r  
d e f i n e s  a n d  a t t e m p t s  t o  d u p l i c a t e  a  " n a t u r a l  f r e s h  w a t e r  s y s t e m " .  
T h e  r e s t  o f  t h e  w o r l d ,  a t  t h i s  t i m e ,  s t i l l  a p p e a r e d  t o  b e  t a k i n g  
v e r y  l i t t l e  i n t e r e s t  i n  t o p i c s  r e l a t e d  t o  g r o u n d w a t e r  p r o s p e c t i n g .  I n  
a n  i s o l a t e d  c o n t r i b u t i o n  i n  1 9 5 2 ,  W i l s k a  / 1 5 3 /  r e p o r t e d  i n  d e t a i l  o n  
"  
3 6 .  
t h e  c o m p o s i t i o n  o f  F i n n i s h  g r o u n d  a n d  m i n e  w a t e r s .  A  f e w  p u b l i c a t i o n s  
f r o m  v a r i o u s  c o u n t r i e s  d e a l t  w i t h  p h e n o m e n a  r e l a t e d  t o  r a d i o - e l e m e n t s  
i n  g r o u n d w a t e r  / 6 0 3 - 4 ,  6 0 7 ,  6 2 0 - 2 / .  T h e  r a d i o a c t i v i t y  o f  s p r i n g  w a t e r s ,  
f o r  e x a m p l e ,  w a s  l i n k e d  t o  w a t e r  t e m p e r a t u r e  ( R o s e n b l a t t  a n d  L i n d e m a n ,  
I s r a e l ,  1 9 5 2 - 6 0 3 / )  o r  t o  t h e  i n f l u e n c e  o f  t h e  l i t h o l o g y  a n d  g e o l o g i c a l  
a g e  o f  t h e  s o u r c e  r o c k s  ( M i h o l i c ,  Y u g o s l a v i a ,  1 9 5 2 / 6 0 4 / ) .  H u r l e y  
( 1 9 5 0 / 6 1 7 / )  d e m o n s t r a t e d  t h a t  m u c h  ( 9 0 % )  o f  t h e  u r a n i u m  a n d  t h o r i u m  ~n 
s a m p l e s  o f  v a r i o u s  i g n e o u s  r o c k s  w a s  r e a d i l y  e l u t r i a t e d  b y  d i l u t e  a c i d s  
a n d  t h a t  C a ,  F e ,  A l ,  S i ,  P ,  K ,  a n d  s o m e  N a ,  M g  a n d  T i  w e r e  i n i t i a l l y  
m o b i l i z e d  w i t h  t h e  u r a n i u m .  G r u n e r  ( 1 9 5 2 / 7 3 6 / )  c o n d u c t e d  e a r l y  e x p e r i -
m e n t s  o n  t h e  s y n t h e s i s  o f  s e c o n d a r y  u r a n i u m  m i n e r a l s  a n d  s h o w e d  t h a t  
u r a n y l  i o n s  i n  n a t u r a l  s o l u t i o n  a r e  r e a d i l y  r e d u c e d  b y  F e + +  t o  y i e l d  
F e 2 0 3  a n d  i n s o l u b l e  U ( I V )  c o m p o u n d s .  
N o t e w o r t h y  p u b l i c a t i o n s  o f  t h e  e a r l y  f i f t i e s  o n  p e r i p h e r a l  i s s u e s  
c o v e r e d  s u b j e c t s  s u c h  a s  s a m p l i n g  s t a t i s t i c s  / 3 7 4 / ,  a d v a n c e s  i n  a n a l y t i c a l  
t e c h n i q u e s  f o r  n a t u r a l  w a t e r s  / 3 7 5 ,  7 1 1 / ,  t h e  p h y s i c a l  c h e m i s t r y  o f  
p r e c i p i t a t i o n / s o r p t i o n  p h e n o m e n a  a n d  t h e  e l u c i d a t i o n  o f  t h e .  m o l e c u l a r  
a n d  i o n i c  f o r m s  i n  w h i c h  e l u t r i a t e d  m e t a l  a t o m s  m i g r a t e  a w a y  f r o m  t h e  
o x i d i z e d  z o n e  o f  o r e  d e p o s i t s  / 3 7 6 ,  3 7 9 - 8 1 / .  
I n  s u m m a r y ,  o n e  m i g h t  s a y  t h a t  b y  1 9 5 2  g r o u n d w a t e r  e x p l o r a t i o n  
w a s  f i r m l y  e s t a b l i s h e d ,  b u t  t h a t  i t  h a d  a s  y e t  n o  w e l l  d e v e l o p e d  t r a d i t i o n .  
T h i s  i s  e v i d e n t  f r o m  t h e  f a c t  t h a t  a l t h o u g h  s o m e  c o n t e m p o r a r y  r e v i e w s  
( e . g .  / 1 1 8 /  o f  g e o c h e m i c a l  e x p l o r a t i o n  a r e  q u i t e  i n f o r m a t i v e  a b o u t  g r o u n d -
w a t e r  p r o s p e c t i n g  t e c h n i q u e s ,  t h e r e  w e r e  s t i l l  p u b l i s h e d  a t  t h a t  t i m e  
s t a n d a r d  t e x t s  a n d  f i e l d  m a n u a l s  t h a t  h a d  a l m o s t  n o t h i n g  t o  s a y  o n  t h e  
s u b j e c t  ( e . g .  1 2 0 ,  3 7 7 ,  3 8 2 / ) .  
3 7 .  
4 . 2  P E R I O D  1 9 5 3  - 1 9 5 4  
T h e  c h o i c e  o f  t h e  y e a r  1 9 5 3  a s  a n  h i s t o r i c a l  d i v i s i o n  i s  t o  a  d e g r e e  
a r b i t r a r y ,  b u t  i t  d o e s  m o r e  o r  l e s s  c l o s e  t h e  p e r i o d  d u r i n g  w h i c h  t h e  
m o d e r n  f o u n d a t i o n s  o f  g r o u n d w a t e r  h y d r o g e o c h e m i c a l  p r o s p e c t i n g  h a d  b e e n  
l a i d .  S u b s e q u e n t l y ,  p a p e r s  m a k i n g  s o m e  f u n d a m e n t a l  n e w  t h e o r e t i c a l  
c o n t r i b u t i o n  t o  t h e  s u b j e c t  b e c a m e  l e s s  n u m e r o u s  t h a n  t h o s e  d e s c r i b i n g  
p r a c t i c a l  s t u d i e s  a n d  c a s e  h i s t o r i e s .  
W e b b ' s  r e v i e w  o f  A m e r i c a n  g e o c h e m i c a l  e x p l o r a t i o n  ( 1 9 5 3 / 3 8 2 / )  
c r e a t e s  a  s u c c i n c t  p i c t u r e  o f  t h e  s t a t e  o f  h y d r o g e o c h e m i s t r y  i n  g e n e r a l  
a t  t h a t  t i m e :  S t r e a m  w a t e r  s t u d i e s  p r e d o m i n a t e d ;  p r o b l e m s  i n c l u d e d  
t h e  v a g a r i e s  o f  m e t a l  c o n c e n t r a t i o n s  a t  t h e  h a n d s  o f  i n f l u e n c e s  s u c h  a s  
p H ,  c o l l o i d s ,  c l a y s ,  o r g a n i c  m a t t e r  a~d b a c t e r i a ;  a q u e o u s  m e t a l  co~cen­
t r a t i o n s  w e r e  o f t e n  f o u n d  t o  b e  v e r y  l o w ,  s o  t h a t  a n a l y t i c a l  m e t h o d s  w e r e  
f r e q u e n t l y  t e d i o u s  a n d  n o t  a l w a y s  s u f f i c i e n t l y  r e l i a b l e  ( f o r  e x a m p l e  i n  
d i t h i z o n e  t e s t s  r e s u l t s  o f  !  1 0 0 %  p r e c i s i o n  w e r e  o f t e n  r e g a r d e d  a s  
a d e q u a t e ) ;  w e t  c h e m i c a l ,  c o l o r i m e t r i c ,  d i s t i l l a t i o n  e x t r a c t i o n ,  f l u o r i -
m e t r i c ,  t u r b i d o m e t r i c ,  o p t i c a l  s p e c t r o g r a p h i c  a n d  s p o t  t e s t  m e t h o d s  h e l d  
s w a y  ( A t o m i c  A b s o r p t i o n  w a s  u n h e a r d  o f ) ;  t h e  U . S . G . S .  w a s  c o n s t r u c t i n g  
a  m o b i l e  s p e c t r o g r a p h i c  l a b o r a t o r y  f o r  f i e l d  u s e  a n d  n e w e r  a n a l y t i c a l  
t e c h n i q u e s  w e r e  b e i n g  r a p i d l y  d e v e l o p e d ;  t h e  t o t a l  v o l u m e  o f  e x p l o r a t i o n  
w o r k  b e i n g  p e r f o r m e d  w a s  d i f f i c u l t  t o  a s s e s s ,  b e c a u s e  o f  n o n - p u b l i c a t i o n  
o f  p r i v a t e l y - h e l d  i n f o r m a t i o n .  
4 . 2 ' 1  U R A N I U M  
A g a i n s t  t h i s  b a c k g r o u n d ,  a  m o d e r a t e  e x p a n s i o n  c o n t i n u e d ,  e s p e c i a l l y  
i n  m e t h o d s  o f  h y d r o g e o c h e m i c a l  p r o s p e c t i n g  f o r  r a d i o a c t i v e  e l e m e n t s  ( e . g .  
/ 5 1 5 / ) .  A r n d t  a n d  K u r o d a  ( 1 9 5 3 / 1 3 8 / )  r e p o r t e d  t h e  f i r s t  ( i n d i s p u t a b l e )  
r a d i o c h e m i c a l  p r o s p e c t i n g  s u r v e y  o f  s u r f a c e  a n d  g r o u n d w a t e r s  ( i n  A r k a n s a s ) .  
3 8 .  
T h e y  c o n c l u d e d  t h a t  t h e  d e t e c t i o n  o f  r a d o n  i n  s p r i n g  w a t e r  a n d  g r o u n d -
w a t e r  i s  p o t e n t i a l l y  a p p l i c a b l e  t o  t h e  l o c a t i o n  o f  low~grade u r a n i u m  
d e p o s i t s .  S e v e r a l  o t h e r  w o r k e r s  s h o w e d  i n t e r e s t  i n  r a d i o - e l e m e n t s  i n  
g r o u n d w a t e r s ,  s p r i n g  w a t e r s  a n d  s p r i n g  d e p o s i t s  / 6 0 5 - 6 ,  6 1 6 ,  6 2 3 - 5 / .  
F o r  i n s t a n c e ,  S t a a t z  a n d  B a u e r  (1953/605~ s h o w e d  t h a t  s o m e  s p r i n g  
w a t e r s  ( i n  N e v a d a )  t h a t  a r e  r e l a t i v e l y  h i g h l y  r a d i o a c t i v e  c o n t a i n  b u t  
l i t t l e  u r a n i u m  a n d  t h a t  t h e  r a d i o - s o u r c e ,  p r e s u m a b l y  r a d o n ,  i s  r a p i d l y  
l o s t  f r o m  s t a n d i n g  s a m p l e s .  S i m i l a r l y ,  a n d  i n  t h e  s a m e  y e a r ,  G o t t  a n d  
H i l l  / 6 7 0 /  n o t e d  t h a t  n o t  a l l  r a d i o a c t i v e  w a t e r s  n e c e s s a r i l y  i n d i c a t e  
t h e  p r e s e n c e  o f  l o c a l  u r a n i u m  o c c u r r e n c e s .  S m a l l  a m o u n t s  o f  h i g h l y  
r a d i o a c t i v e  r a d i u m  m a y  b e  p r e s e n t  e v e n  w h e n  u r a n i u m  i s  a l l  b u t  a b s e n t .  
U r a n i u m  m a y  n e v e r  h a v e  b e e n  p r e s e n t  i n  t h e  w a t e r ,  o r  i t  m a y  h a v e  b e e n  
l o s t .  T h e  a u t h o r s  g i v e  a n  e x a m p l e  ( o i l f i e l d s  o f  s o u t h w e s t e r n  K a n s a s )  
o f  u r a n i u m  b e i n g  p r e c i p i t a t e d  f r o m  s o l u t i o n  a s  a  r e s u l t  o f  t h e  m i x i n g  
o f  g r o u n d w a t e r s  o f  d i f f e r e n t  c o m p o s i t i o n s .  
A n  u n u s u a l  r e l a t i o n s h i p  b e t w e e n  r a d i o a c t i v i t y  a n d  t h e  M n  c o n t e n t  
o f  h o t  s p r i n g s  i n  t h e  S a n  J u a n  M o u n t a i n s  o f  C o l o r a d o  w a s  d e m o n s t r a t e d  
b y  B u r b a n k  a n d  P i e r s o n  / 6 0 6 /  i n  1 9 5 3 .  O n  t h e  e x p e r i m e n t a l  s i d e ,  L a r s e n  
a n d  P h a i r  / 6 3 1 /  r e p o r t e d  t h a t  " c o m m o n l y  c l o s e  t o  4 0  p e r  c e n t  o f  t h e  
u r a n i u m  i n  m o s t  f r e s h - a p p e a r i n g  i g n e o u s  r o c k s  i s  r e a d i l y  l e a c h a b l e " .  
( H u r l e y ' s  e a r l i e r  e s t i m a t e s  / 6 1 7 /  h a d  b e e n  a s  h i g h  a s  9 0 % ) .  
I s o t o p i c *  s t u d i e s  / 5 7 7 ,  6 6 5 /  o f  u r a n i u m  m i n e r a l s  u n d e r g o i n g  a c i d i c  
o x i d i z i n g  a t t a c k  s u g g e s t e d  t h a t  u r a n i u m  w i l l  b e  p r e f e r e n t i a l l y  l e a c h e d  
*  I s o t o p e  g e o c h e m i s t r y  i s  a  s p e c i a l i z e d  f i e l d  a n d  " g r o u n d w a t e r  i s o t o p i c  
h y d r o g e o c h e m i c a l  p r o s p e c t i n g "  i s  s o  e s o t e r i c  t h a t  i t  h a r d l y  e x i s t s .  N o  
s t u d i e s  o f  i s o t o p e s  a r e  d e t a i l e d  i n  t h i s  r e v i e w  a n d  r e f e r e n c e  t o  i s o t o p i c  
w o r k  i s  m a d e  o n l y  i n  s p e c i a l  c a s e s .  F o r  a n  i n t r o d u c t i o n  t o  t h e  s u b j e c t  
\ ,  
o f  e x p l o r a t i o n  i s o t o p e  g e o c h e m i s t r y  s e e  A d l e r  ( 1 9 5 8 / 6 6 7  / )  a n d  R o s h o l t  
( 1 9 5 8 / 6 6 9 / ) .  
3 9 .  
w i t h  r e s p e c t  t o  R a  a n d  P b .  D u r i n g  1 9 5 3 - 4  a  f e w  R u s s i a n  l a n g u a g e  p a p e r s  
a p p e a r e d  t h a t  d e a l t  w i t h  t h e  i s o t o p e - a n d  r a d i o - c h e m i s t r y  o f  g r o u n d w a t e r s  
/ 1 8 6 - 8 / .  T h e s e  i n v e s t i g a t i o n s  c o n s t i t u t e d  a n  a t t e m p t  t o  e s t a b l i s h  t h e  
o r i g i n  o f  g r o u n d w a t e r s  a n d  t o  r e c o g n i z e  w a t e r s  o f  d i f f e r i n g  s o u r c e s ,  
e s p e c i a l l y  t h o s e  r i s i n g  f r o m  d e p t h  a l o n g  f a u l t s .  T h e  s i g n i f i c a n c e  o f  
s u c h  s t u d i e s  f o r  d e e p  p r o s p e c t i n g  w a s  e m p h a s i z e d  l a t e r  b y  G i n z b e r g  / 5 5 / .  
O n  t h e  a n a l y t i c a l  s i d e ,  Y o e  e t  a Z .  ( 1 9 5 3 / 6 4 1 / )  d e s c r i b e d  t h e  u s e  
o f  d i b e n z o y l m e t h a n e ,  w h i c h  w a s  t o  b e c o m e  a  f a i r l y  i m p o r t a n t  r e a g e n t  f o r  
t h e  c o l o r i m e t r i c  d e t e r m i n a t i o n  o f  u r a n i u m  i n  n a t u r a l  w a t e r s .  T h e  f l u o -
r i m e t r i c  m e t h o d  ( G r i m a l d i  e t  a Z .  1 9 5 2 / 5 1 3 / )  w a s ,  h o w e v e r ,  d e s t i n e d  t o  
b e c o m e  t h e  m o s t  w i d e l y  u s e d  t e c h n i q u e  i n  t h e  n i n e t e e n - f i f t i e s .  
4 . 2 2  T H E  W E S T  :  N O N - R A D I O A C T I V E  M I N E R A L S  
I n  t h e  W e s t ,  t h e  s t u d y  o f  t h e  h y d r o g e o c h e m i s t r y  o f  n o n - r a d i o a c t i v e  
s p e c i e s  p r o d u c e d  s e v e r a l  i n t e r e s t i n g  p a p e r s . *  F r i c k e  ( 1 9 5 3 / 1 3 9 / )  r e p o r t e d  
t h e  c o n c e n t r a t i o n  o f  C l ;  C 0 2 ,  L i ,  C s ,  R u ,  N i  a n d  C o  i n  m i n e r a l  s p r 1 n g s  
a n d  s p e c u l a t e d  a b o u t  t h e  e x t e n t  t o  w h i c h  t h e s e  s u b s t a n c e s  w e r e  c o n t r i b u t e d  
b y  j u v e n i l e  s o u r c e s  a s  o p p o s e d  t o  e x i s t i n g  o r e  l o d e s .  M a r m o  p u b l i s h e d  
t w o  p a p e r s  o n  w o r k  i n  1 9 5 3  i n  F i n l a n d  / 1 4 0 - 1 / .  H e  r e p o r t e d  t h a t  i n  t h e  
*  I t  i s  w o r t h  n o t i n g  o n c e  a g a i n  t h a t  n o t  a l l  o f  t h e  r e s u l t s  o f  s u c h  
s t u d i e s  w e r e  p u b l i s h e d .  B r o t z e n  / 7 0 4 /  r e p o r t e d  t h a t  t e s t s  f o r  h e a v y  
m e t a l s  i n , w a t e r s  ( f o l l o w i n g  H u f f  / 9 1 / )  b e g a n  i n  n o r t h e r n  S w e d e n  i n  1 9 5 3 .  
A l t h o u g h  p o s i t i v e  r e s u l t s  w e r e  o b t a i n e d  f r o m  s o m e  s t r e a m ,  b o g  a n d  s p r i n g  
w a t e r s  a s s o c i a t e d  w i t h  u n m i n e d  l e a d  d e p o s i t s ,  t h e  r e s u l t s  o b t a i n e d  i n  
o t h e r  a r e a s  w e r e  t o t a l l y  n e g a t i v e  a n d  w a t e r  t e s t i n g  w a s  t h e r e f o r e  d i s -
c o n t i n u e d .  A p p a r e n t l y  n o  d e t a i l e d  a c c o u n t  o f  t h i s  p r o j e c t  i s  a v a i l a b l e .  
4 0 .  
N o k i a  a r e a  c o p p e r  a n d  z i n c  b e a r i n g  p h y l l i t e  w a s  f o l l o w e d  b y  a n a l y s i n g  
g r o u n d w a t e r  f r o m  3 0 0  w e l l s .  C o p p e r  w a s  d e t e r m i n e d  b y  t h e  m e t h o d  o f  r a t e  
o f  c a t a l y s i s  o f  F e  I I I  t o  F e  I I  a n d  [ Z n ]  w a s  m e a s u r e d  p o l a r o g r a p h i c a l l y .  
H e  c o u l d  c o r r e l a t e  t h e  p H  o f  t h e s e  w a t e r s  w i t h  t h e  s u l p h i d e  c o n t e n t  o f  
t h e  a d j a c e n t  r o c k s .  T h e  C u  c o n c e n t r a t i o n  o f  t h e  w a t e r s  r a n g e d  f r o m  0 , 5  
t o  5  m g / 1  ( s i c )  a n d  s e e m e d  t o o  s e n s i t i v e  t o  i n s i g n i f i c a n t  v a r i a t i o n s  i n  
t h e  c o p p e r  c o n t e n t  o f  t h e  c o u n t r y  r o c k s  t o  b e  o f  u s e .  T h e  c o n c e n t r a t i o n  
o f  Z n  i n  t h e  w a t e r  v a r i e d  f r o m  l e s s  t h a n  5  t o  2 0  m g / 1 .  I n  t h e  T o i v a k k a  
a r e a  h e  f o u n d  t h a t  v e r y  s m a l l  f l u c t u a t i o n s  i n  t h e  C u  a n d  Z n  c o n t e n t  o f  
t h e  b e d r o c k  w e r e  r e f l e c t e d  i n  t h e  c o r r e s p o n d i n g  g r o u n d w a t e r .  T h e  a u t h o r  
r e p o r t e d  t h e  o c c u r r e n c e  o f  s o m e  r e m a r k a b l e  f a l s e  a n o m a l i e s ,  w h e r e  t h e  
w e a t h e r i n g  o f  p y r i t i f e r o u s  b u t  o t h e r w i s e  b a r r e n  g r a n i t e s  p r o d u c e d  a c i d i c  
g r o u n d w a t e r s  ( w e l l w a t e r s )  w i t h  u p  t o  , 5  m g / 1  C u  a n d  5  m g / 1  Z n .  M a r m o ' s  
c h i e f  i n t e r e s t ,  i n  t h i s  w o r k ,  w a s  t o  d e m o n s t r a t e  t h e  c o n c a t e n a t i o n  ( c o n -
c e n t r a t i o n  o f  p l a n t  m e t a l )  =  f  ( g r o u n d w a t e r  m e t a l )  =  f  ( b e d r o c k  m e t a l ) ,  
r a t h e r  t h a n  t o  u t i l i z e  t h e  g r o u n d w a t e r  a s  a  p r o s p e c t i n g  t o o l .  
H u f f  ( / 5 3 / p . 3 0 9 )  n o t e d  t h a t  t h e  z i n c  c o n t e n t  o f  w a t e r s  f r o m  m i n e  
w o r k i n g s  a t  J e r o m e ,  A r i z o n a ,  d e c r e a s e d  t o  o n e  t w e n t y - f i f t h  o f  t h e  
o r i g i n a l  v a l u e  a f t e r  t r a v e l l i n g  o n l y  t h r e e  m i l e s  a l o n g  a n  i r r i g a t i o n  
d i t c h ,  a l t h o u g h  n o  p H  c h a n g e  o r  d i l u t i o n  o c c u r r e d .  T h e  l o s s  w a s  a t t r i b u t e d  
t o  i o n - e x c h a n g e .  
T w o  i m p o r t a n t  f o r m a l  s t a t e m e n t s  o f  c o n c e p t s  ( n o t  n e c e s s a r i l y  d e v e l o p e d  
~n c o n n e c t i o n  w i t h  h y d r o g e o c h e m i s t r y )  m a d e  d u r i n g  1 9 5 3  w e r e  t h o s e  o f  t h e  
o r i e n t a t i o n  s u r v e y  ( H a w k e s  / 1 2 5 / )  a n d  p a t h f i n d e r s  ( W a r r e n  a n d  D e l a v a u l t  
/ 1 2 6 / ) ,  a l t h o u g h  b o t h  i d e a s  a r e  i m p l i c i t  i n  e a r l i e r  w o r k s  b y  m a n y  a u t h o r s .  
A d d i t i o n a l  a n d  i m p r o v e d  m e t h o d s  o f  w a t e r  t e s t i n g ,  g e n e r a l l y  c o l o -
r i m e t r i c ,  c o n t i n u e d  t o  a p p e a r  r e g u l a r l y  / 1 2 7 - 3 2 /  a n d  b y  1 9 5 4  a  w a t e r  
t e s t i n g  c o l o r i m e t r i c  k i t  b e c a m e  a v a i l a b l e  c o m m e r c i a l l y  / 1 3 2 / .  
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4 . 2 3  T H E  E A S T  :  N O N - R A D I O A C T I V E  M I N E R A L S  
J a p a n e s e  i n t e r e s t  i n  g r o u n d w a t e r  p r o s p e c t i n g  c o n t i n u e d  / 1 2 7 ,  1 3 3 - 6 ,  
1 8 5 / .  S h i m a  ( 1 9 5 3 / 1 2 7 / )  u s e d  t h e  c o n c e n t r a t i o n  o f  M n  i n  p i t  w a t e r s  a s  
a  r a p i d  g a u g e  o f  t h e  q u a l i t y  o f  t h e  a d j a c e n t  o r e .  U m e m o t o  ( 1 9 5 3 / 1 3 6 / )  
f o u n d  t h a t  s u l p h a t e ,  c h l o r i d e  a n d  t e m p e r a t u r e  i d e n t i f i e d  s p r i n g s  t h a t  
w e r e  r e l a t e d  t o  m i n e r a l i z a t i o n .  Y o k o s u k a  e t  a l .  ( 1 9 5 3 / 1 8 5 )  d e t e r m i n e d  
c r i t e r i a  f o r  d i s t i n g u i s h i n g ,  i n  s w a m p  a r e a s  f e d  b y  s p r i n g s ,  a n o m a l i e s  
d u e  t o  s u l p h i d e  a s  o p p o s e d  t o  g y p s u m  m i n e r a l i z a t i o n .  T h e  t w o  t y p e s  
r  
c o u l d  b e  d i f f e r e n t i a t e d  b y  t h e  Z n ,  s u l p h a t e ,  C a  a n d  C u  c o n t e n t s .  
T h e  o u t p u t  o f  S o v i e t  p u b l i c a t i o n s  d u r i n g  t h i s  p e r i o d  w a s  r e l a t i v e l y  
s m a l l * ,  a l t h o u g h  i t  i s  c l e a r  f r o m  G i n z b e r g ' s  m o n o g r a p h  / 5 5 /  t h a t  t h e y  
w e r e  f a i r l y  a c t i v e  i n  g r o u n d w a t e r  p r o s p e c t i n g  a t  t h e  t i m e .  D o l u k h a n o v a  
( a l i a s  K o l u k h a n o v a ,  1 9 5 6 / 4 9 6 / ) ,  f o r  e x a m p l e ,  w a s  r e s p o n s i b l e  f o r  w h a t  
w a s  p r o b a b l y  t h e  e a r l i e s t  ( 1 9 5 3 )  m a j o r  i n v e s t i g a t i o n  o f  M o  i n  g r o u n d w a t e r s  
( i n  A r m e n i a ) · .  M o l y b d e n u m  t e n d e d  t o  r e m a i n  s o l u b l e  i n  t h e  p H  r a n g e  2  t o  8  
a n d  c o n c e n t r a t i o n s  o f  M o  f r o m  0 , 0 0 1  t o  1 , 6  m g / 1  w e r e  o b s e r v e d  i n  t h e  
g r o u n d w a t e r s  o f  t h e  m i n e r a l i z e d  z o n e s .  T h i s  w o r k  i s  a l s o  a n  e a r l y  e x a m p l e  
o f  o b s e r v a t i o n s  o f  i n t e r - c o m p o n e n t  r e a c t i o n s  a s  a  f a c t o r  i n f l u e n c i n g  
m o b i l i t y  - D o l u k h a n o v a  f o u n d  t h a t  t h e  c o n c e n t r a t i o n  o f  M o  w a s  s t r o n g l y  
d e p e n d e n t  o n  t h e  s u l p h i d e  ( s i c )  c o n t e n t  o f  t h e  w a t e r  b u t  i n v e r s e l y  
p r o p o r t i o n a l  t o  [ C a ] * * ·  
*  A l t e r n a t i v e l y ,  n o t i c e  o f  s u c h  p u b l i c a t i o n s  d i d  n o t  c i r c u l a t e  w i d e l y  
1 . n  t h e  E n g l i s h  s p e a k i n g  c o u n t r i e s .  
* *  
G i n z b e r g  / 5 5 /  p o i n t e d  o u t  t h a t  t h e s e  r e s u l t s  c o n t r a d i c t  t h e  t h e n  
w i d e l y  h e l d  b e l i e f  t h a t  M o 0 4  i s  m o b i l e  i n  " a l k a l i n e  a n d  l i m e y  w a t e r s " .  
I t  w i l l  b e  s e e n ,  i n  s u b s e q u e n t  s e c t i o n s  o f  t h i s  r e v i e w ,  t h a t  n e i t h e r  
o f  t h e s e  a u t h o r s  h a d  t h e  l a s t  w o r d  i n  t h i s  c o n t r o v e r s y .  
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O t h e r  S o v i e t  w o r k e r s  c o n t i n u e d  t o  e x p a n d  t h e i r  i n v e s t i g a t i o n s  t o  
c o v e r  l e s s e r  k n o w n  g r o u n d w a t e r  c o m p o n e n t s ,  f o r  e x a m p l e  f l u o r i n e  / 3 5 2 / .  
K a m e n s k i i  e t  a Z .  ( 1 9 5 3 / 1 7 6 / )  d i s c u s s e d  t h e  h y d r o l o g y  o f  m i n e r a l  
d e p o s i t s  a n d  t h e , i m p l i c a t i o n s  f o r  e x p l o r a t i o n .  
T h e  S o v i e t s  w e r e  a l s o  a c t i v e l y  i n v e s t i g a t i n g  a s p e c t s  o f  m o l e c u l a r  
l e v e l  p h e n o m e n a  a n d  t h e  p h y s i c a l  c h e m i s t r y  o f  p r o c e s s e s  o f  i m p o r t a n c e  
t o  h y d r o g e o c h e m i s t r y  / 3 8 3 - 5 / ,  s u c h  a s  t h e  f o r m s  t a k e n  b y  v a r i o u s  m e t a l s  
i n  n a t u r a l  w a t e r s  a n d  t h e  m e c h a n i s m s  o f  f i x a t i o n  o f  m e t a l s  b y  s u b s t a n c e s  
s u c h  a s  c o l l o i d s ,  c l a y s  e t c .  Y a t s i m i r s k i i  ( 1 9 5 3 / 7 7 6 / ) ,  f o r  e x a m p l e ,  s h o w e d  
t h a t  c o m p l e x  f o r m a t i o n  g r e a t l y  i n c r e a s e d  t h e  m o b i l i t y  o f  s o m e  e l e m e n t s ,  
a n d  t h a t  t h e  s o l u b i l i t y  p r o d u c t s  a n d  r e d o x  p o t e n t i a l s  o f  i o n s  c o u l d  b e  
s h a r p l y  c h a n g e d  b y  c o m p l e x i n g .  
4 . 3  T H E  P E R I O D  1 9 5 5  - 1 9 5 7  
A f t e r  1 9 5 4  S o v i e t  i n t e r e s t  i n  t h e  u s e  o f  g r o u n d w a t e r  a s  a  s a m p l i n g  
m e d i u m  m u s h r o o m e d  a n d ,  w i t h  t h e  e x c e p t i o n  o f  t h e  s t u d y  o f  u r a n i u m  i n  
s u b s u r f a c e  w a t e r s ,  t h e  p e r i o d  1 9 5 5 - 7  i s  d o m i n a t e d  b y  R u s s i a n  l a n g u a g e  
p u b l i c a t i o n s  o n  t h i s  t o p i c  ( f o r  e x a m p l e  / 5 5 ,  3 4 4 - 5 ,  3 4 9 - 5 7 ,  4 9 5 / ) .  
A  f a i r  a m o u n t  o f  t h i s  w o r k  i s  n o w  a v a i l a b l e  i n  E n g l i s h  t r a n s l a t i o n .  
4 . 3 1  S O V I E T  U N I O N  :  Z n ,  C u  a n d  P h  i n  G r o u n d w a t e r s  
T h e  S o v i e t s  w e r e  a t  t h i s  t i m e  p a r t i c u l a r l y  i n t e r e s t e d  i n  h y d r o -
g e o c h e m i c a l  p r o s p e c t i n g  f o r  b a s e  m e t a l s  a n d  t h e i r  m e t h o d s  h a d  b e c o m e  
q u i t e  s o p h i s t i c a t e d ,  a s  t h e  f o l l o w i n g  e x a m p l e s  w i l l  s h o w .  
I n  1 9 5 7  B u g h e l s k i i  / 7 8 2 /  d e s c r i b e d  t h e  g r o u n d w a t e r  h y d r o g e o c h e m i s t r y  
o f  t h e  c o m p l e x  ( p o l y m e t a l l i c )  o r e s  o f  a r i d  C e n t r a l  K a z a k h s t a n ,  w h e r e  a  
m a j o r  s t u d y  h a d  b e e n  u n d e r t a k e n  i n  t h e  e a r l y  f i f t i e s .  H e  s t a t e d  t h a t  
" h y d r o c h e m i c a l  m e t h o d s  o f  e x p l o r a t i o n  o f  m i n e r a l  d e p o s i t s  a r e  a c q u i r i n g  
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e v e r  g r e a t e r  s i g n i f i c a n c e  a t  t h e  p r e s e n t  t i m e .  T h e  p o s s i b i l i t y  o f  t h e i r  
u s e  o v e r  c o n c e a l e d  b e d r o c k  . • . . •  a n d  t h e i r  s i m p l i c i t y  c a n n o t  b e  s u r p a s s e d  
b y  o t h e r  c u r r e n t l y  u s e d  m e t h o d s " .  H e  n o t e s ,  h o w e v e r ,  t h a t  " o n e  o f  t h e  
m a i n  p r o b l e m s  f a c e d  i n  t h e  d e v e l o p m e n t  o f  g e o c h e m i c a l  c r i t e r i a  ( f o r  
p o l y m e t a l l i c  o r e .  d e p o s i t s )  i s  a  s t u d y  o f  s u p e r g e n e  m i g r a t i o n  o f  z i n c ,  
l e a d  a n d  c o p p e r " .  
T h e  r a i n f a l l  i n  t h i s  s t u d y  a r e a  i s  o n l y  2 0 0 - 3 0 0  m m / a n n u m  a n d  T o t a l  
' (  
D i s s o l v e d  S o l i d s  ( T D S )  i n  t h e  g r o u n d w a t e r s  v a r i e s  f r o m  2 0 0 - 1 3 0 0  m g / 1 .  
I n t e r e s t i n g l y ,  T D S  a p p e a r s  t o  b e  r e l a t i v e l y  h i g h e r  i n  anomalou~ g r o u n d -
w a t e r s ,  w h i c h  a l s o  s h o w  c h a r a c t e r i s t i c  l o w e r i n g  o f  p H  a n d  e l e v a t i o n  o f  
[  s u l p h a t e ]  •  Z i n c ,  C u  a n d  P h  f o r m  " a n  a q u e o u s  a u r e o l e  w i t h  a b n o r m a l  
m e t a l l i c  c o n t e n t s " .  F o l l o w i n g  t h e  s t a n d a r d  p a t t e r n ,  l e a d  i s  l e a s t  m o b i l e  
a n d  z i n c  m o s t  m o b i l e ,  b e i n g  d e t e c t a b l e  i n  a n o m a l o u s  c o n c e n t r a t i o n s  a t  
d i s t a n c e s  o f  u p  t o  9 0 0  m  f r o m  t h e  o r e b o d y .  B a c k g r o u n d  v a l u e s  d i f f e r  i n  
v a r i o u s  r e g i o n s  ( Z n  4 0 - 1 0 0  v g / 1 ,  C u  t r a c e  - 6 0  v g / 1 ,  P b  t r a c e s  o n l y ) .  
" A u r e o l e s "  w e r e  f o u n d  t o  c o n t a i n  u p  t o  2 0  v g  P h ,  2 0 0  l J g  Z n  a n d  1 0 0  ] J g  C u  
p e r  l i t r e .  W a t e r s  w i t h i n  o r e b o d i e s  c o u l d  y i e l d  c o n s i d e r a b l y  h i g h e r  v a l u e s .  
B u g h e l s k i i  a t t e m p t e d  t o  i d e n t i f y  s o m e  o f  t h e  f a c t o r s  c o n t r o l l i n g  t h e  
i n t e n s i t y  o f  t h e  a u r e o l e s  b y  c o m p a r i n g  m a n y  d a t a  f r o m  s e v e r a l  o r e b o d i e s  
i n  d i f f e r e n t  g e o l o g i c a l  s e t t i n g s .  T h e  m o s t  c r i t i c a l  f a c t o r  w a s  t h e  
" i n t e n s i t y  o f  t h e  d e v e l o p m e n t  o f  t h e  o x i d i z e d  z o n e "  o f  t h e  o r e b o d y ,  s i n c e  
t h i s  p r o c e s s  c o n t r o l l e d  t h e  r e l e a s e  o f  i o n s .  A l s o  i m p o r t a n t  w e r e  a n y  
f a c t o r s  s u c h  a s  t o p o g r a p h i c  s l o p e  o r  " t e c t o n i c  b r e a k s " ,  w h i c h  f a v o u r  
a c c e l e r a t e d  p e r c o l a t i o n .  O n c e  f r e e  o f  t h e  o r e b o d y ,  t h e  a n o m a l o u s  w a t e r s  
i m m e d i a t e l y  b e c o m e  s u b j e c t  t o  r e a c t i o n s  w i t h  t h e  b a r r e n  c o u n t r y  r o c k s ,  
w h i c h  w i l l  t e n d  t o  r o b  t h e  w a t e r s  o f  s o m e  o f  t h e i r  e x c e s s  m e t a l .  T h e  r a t e  
o f  a t t e n u a t i o n  o f  t h e  a n o m a l y  d e p e n d e d  o n  t h e  l i t h o l o g y  o f  t h e  c o u n t r y  
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r o c k s  a n d  i n c r e a s e d  i n  t h e  f o l l o w i n g  s e q u e n c e :  H o r n f e l s e s ,  s k a r n s /  
s a n d s t o n e s ,  c a r b o n a t e s / c a r b o n a t e d  s a n d y  s h a l e s .  I n  h o r n f e l s e s ,  f o r  
e x a m p l e ,  l e a d  a n o m a l i e s  u p  t o  4 0 0  m  w i d e  w e r e  d e t e c t e d ,  b u t  i n  c a r b o n a t e  
r o c k s  t h i s  d i s t a n c e  w a s  t y p i c a l l y  3 0 - 6 0  m .  
L i k e  m a n y  p r e v i o u s  a u t h o r s ,  B u g h e l s k i i  n o t e s  t h a t  a  l o w e r  p H  
p r o m o t e s  m o b i l i t y ,  b u t  h e  h a s  s o m e  r a d i c a l  v i e w s  o n  t h e  s u b j e c t .  H e  
s h o w s  t h a t  a  p l o t  o f  p H  v e r s u s  t h e  m a x i m u m  m e t a l  c o n c e n t r a t i o n  o b s e r v e d  
a t  t h a t '  p H  s h o w s  a  r e g u l a r  t r e n d  w i t h  t h e  l i n e s  f o r  C u  a n d  P b ,  o n  t h e  
o n e  h a n d ,  a n d  Z n ,  o n  t h e  o t h e r ,  s e p a r a t i n g  s h a r p l y  a t  c o n c e n t r a t i o n s  
a b o v e  1 5 0  ) . J g / 1 .  " M e t a l  c o n t e n t s  i n  g r o u n d  w a t e r s  g e n e r a l l y  d o  n o t  
e x c e e d  s u c h  f i g u r e s  a n d ,  t h e r e f o r e ,  t h e r e  i s  o b v i o u s l y  n o  r e l a t i o n s h i p  
b e t w e e n  t h e  p H  a n d . v e r y  s m a l l  m e t a l  c o n t e n t s  • • . . .  T h e  e f f e c t  o f  p H  
b e c o m e s  n o t a b l e  o n l y  f o r  h i g h e r  m e t a l  c o n t e n t s .  T h u s  u p p e r  Z i m i t s  o f  
m e t a l  c o n t e n t s  t e n d  t o  d e c r e a s e  a s  p H  i n c r e a s e s "  ( r e v i e w e r ' s  e m p h a s i s ) .  
T h i s  e f f e c t  i s  m o r e  s t r o n g l y  f e l t  b y  c o p p e r  a n d  l e a d ,  w h i c h  a r e  t h u s  
s e l d o m  e n c o u n t e r e d  i n  a b n o r m a l l y  h i g h  c o n c e n t r a t i o n s  i n  n e u t r a l  w a t e r s .  
S v e s h n i k o v  ( 1 9 5 5 - 7 / 3 5 6 ,  5 3 7 / )  d e s c r i b e d  t h e  c h e m i c a l  c o m p o s i t i o n  
o f  v e r y  d i l u t e  ( l o w  T D S )  b i c a r b o n a t e - c h l o r i d e  g r o u n d w a t e r s  o f  p H  7 , 1  
t o  8 , 1  t h a t  a r e  t y p i c a l l y  a s s o c i a t e d  w i t h  t h e  p o l y m e t a l l i c  d e p o s i t s  o f  
R u d n y i  A l t a i .  C o p p e r ,  P b  a n d  Z n  w e r e  a g a i n  u b i q u i t o u s  a t  c o n c e n t r a t i o n s  
b e l o w  o n e  m i l l i g r a m  p e r  l i t r e .  T h e y  f r e q u e n t l y  s h q w e d  p e a k  v a l u e s  o f  
t h e  o r d e r  o f  a t  l e a s t  t e n .  t i m e s  b a c k g r o u n d ,  w h i c h  w a s  u s u a l l y  a r o u n d  
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n  x  1 0  t o  n  x  1 0  m g / 1 .  Z i n c  w a s  f o u n d  t o  b e  a  g o o d  p a t h f i n d e r .  E h  
v a l u e s  ( s t a n d a r d  h y d r o g e n  e l e c t r o d e )  v a r i e d  b e t w e e n  + 2 5 0  a n d  + 4 2 0  m i l l i -
v o l t s .  
A n  i n t e r e s t i n g  d e v e l o p m e n t  i n  t h e  S o v i e t  w o r k  o f  t h i s  p e r i o d  w a s  
t h e  b e g i n n i n g  o f  a  c o n c e r t e d  e f f o r t  t o  c o n s o l i d a t e  a v a i l a b l e  d a t a  o n  
t h e  c h e m i s t r y  o f  g r o u n d w a t e r  s o  t h a t  g e n e r a l i z e d  c o n c l u s i o n s  c o u l d  b e  
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d r a w n  a n d  g u i d e l i n e s  l a i d  d o w n  f o r  f u r t h e r  a p p l i c a t i o n  s t u d i e s .  T a b l e s  
1  a n d  2  ( / 3 4 4 /  a n d  / 3 4 5 /  r e s p e c t i v e l y ,  b o t h  1 9 5 6 )  a r e  t y p i c a l  e x a m p l e s  
o f  c o n s o l i d a t e d  d a t a  f r o m  R u s s i a n  l a n g u a g e  p a p e r s  o f  t h i s  i l k ,  s o m e  o f  
w h i c h  a r e  r e v i e w e d  b r i e f l y  b e l o w :  
B r o d s k i i ' s  w o r k  ( 1 9 5 6 / 3 4 5 / )  o n  t h e  w a t e r s  o f  c o p p e r  d e p o s i t s  i s  a  
g o o d  i l l u s t r a t i o n  o f  h o w  m u c h  p r o g r e s s  t h e  S o v i e t s  h a d  m a d e  i n  o r g a n i s i n g  
t h e i r  h y d r o g e o c h e m i c a l  d a t a  i n t o  g e n e r a l  s t a t e m e n t s  o f  e m p i r i c a l  p r i n c i p l e s *  
c o n c e r n i n g  b a c k g r o u n d  a n d  t h r e s h o l d  v a l u e s  a n d  t h e  c l a s s i f i c a t i o n  o f  
v a r i o u s  e l e m e n t s  a c c o r d i n g  t o  t h e i r  m o b i l i t y  a n d  b e h a v i o u r  i n  v a r i o u s  
n a t u r a l  w a t e r s .  I n  t e r m s  o f  p r o s p e c t i n g  f o r  c o p p e r ,  h e  d i v i d e s  w a t e r  
i n t o  t h r e e  t y p e s :  ( a )  s u r f a c e  w a t e r s  a s s o c i a t e d  w i t h  o x i d i z i n g  o r e ,  
( b )  s u r f a c e  w a t e r s  a s s o c i a t e d  w i t h  t h e  o x i d i z a t i o n  o f  d i s p e r s e d  s u l p h i d e s  
i n  " e n r i c h e d  m i n e r a l i z a t i o n  f i e l d s "  ( i . e .  m e t a l l o g e n i c  p r o v i n c e s )  a n d ·  
( c )  g r o u n d w a t e r s  i n f i l t r a t e d  b y  e i t h e r  ( a )  o r  ( b ) .  T h e  p H  o f  t h e s e  
g r o u n d w a t e r s  i s  g e n e r a l l y  n e a r l y  n e u t r a l .  
* T h i s  a p p r o a c h  w a s ,  h o w e v e r ,  n o t  u n i v e r s a l l y  a c c e p t a b l e .  T h e r e  i s  f o r  
i n s t a n c e  t h e  i m p o r t a n t  a n d  f o r c e f u l  a s s e r t i o n  b y  G e r m a n o v  a n d  S a u k o v  
( 1 9 5 5 / 3 4 9 / )  t h a t  t h e r e  i s  ~ u n i v e r s a l  b a c k g r o u n d  v a l u e  f o r  h y d r o g e o -
c h e m i c a l  s u r v e y s  a n d  t h a t  t h i s  v a l u e  w i l l  h a v e  t o  b e  r e - e s t a b l i s h e d  f o r  
e a c h  n e w  c o m b i n a t i o n  o f  c i r c u m s t a n c e s .  T h e s e  a u t h o r s  r e g a r d  t h e  
f o l l o w i n g  t o  b e  t h e  c h i e f  f a c t o r s  c o n t r o l l i n g  b a c k g r o u n d  a n d  a n o m a l o u s  
v a l u e s :  
( a )  G e o l o g i c a l  s t r u c t u r e  ( i n  a  v e r y  g e n e r a l  s e n s e ,  i n c l u d i n g  l i t h o l o g y ) .  
( b )  G e o m o r p h o l o g y .  ( c )  P r o p e r t i e s  o f  t h e  o r e  s o u g h t .  ( d )  T h e  o v e r a l l  
c h a r a c t e r  o f  t h e  l o c a l  w a t e r s .  ( e )  T h e  h y d r o l o g i c a l  r e l a t i o n s h i p s  b e t w e e n  
t h e  g r o u n d w a t e r  a n d  t h e  o r e  a n d  ( f )  T h e  c l i m a t e  ( i n c l u d i n g  t h e  s e a s o n )  
a n d  o t h e r  e n v i r o n m e n t a l  f a c t o r s  p e c u l i a r  t o  t h e  g i v e n  d i s t r i c t .  
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T A B L E  1 / 3 4 4 /  
C o m p a r i s o n  o f  m i n e r a l i z e d  a n d  n o n - m i n e r a l i z e d  w a t e r s  
C o n c e n t r a t i o n  ( g / 1 . )  i n  s u r f a c e  a n d  u n d e r g r o u n d  d r a i n a g e  
M e t a l  N o n - m i n e r a l i z e d  a r e a s  M i n e r a l i z e d  a r e a s  
N i c k e l  
- 6  - 5  
1  X  1 0  - 1  X  1 0  
- 5  - 3  
1  X  1 0  - 1  X  1 0  
C o b a l t  
- 7  - 5  
1  X  1 0  - 1  X  1 0  
- 5  - 3  
1  X  1 0  - 1  X  1 0  
Zi~c 
- 7  - 5  
1  X  1 0  - 1  X  1 0  
- 5  - 3  
1  X  1 0  - 1  X  1 0  
C o p p e r  
- 6  - 5  
1  X  1 0  - 1  X  1 0  
- 5  - 3  
1  X  1 0  - 1  X  1 0  
U r a n i u m  
- 8  - 5  
1  X  1 0  - 1  X  1 0  
- 5  - 3  
1  X  1 0  - 1  X  1 0  
M o l y b d e n u m  
- 7  - 6  
1  X  1 0  - 1  X  1 0  
1  X  1 0 -
4  
L e a d  
- 7  - 6  
1  X  1 0  - 1  X  1 0  
- 5  - 3  
1  X  1 0  - 1  X  1 0  
E l e m e n t  
P b  
M o  
M n  
C u  
C r  
B e  
G a  
T i  
N i  
S n  
v  
Z r  
C o  
N b  
A g  
w  
Z n  
B i  
S b  
I n  
G e  
' . ; ·  
T a  
C d  
~ 
A s  
T A B L E  2 / 3 4 5 /  
4 7 .  
C o m p a r i s o n  o f  m i n e r a l i z e d  a n d  n o n - m i n e r a l i z e d  w a t e r s  
W e i g h t  c l a r k e * *  
i n  t h e  l i t h o s p h e r e  
( % )  
.  - 3  
1 . 6  X  1 0  
3 . 0  X  1 0  
- 4  
9  X  1 0 -
2  
1  X  1 0 -
2  
2  X  1 0 -
2  
6  X  1 0 -
4  
1 . 5  X  1 0  
- 3  
6  X  1 0 - l  
8  X  1 0 -
3  
4  X  1 0 -
3  
1 . 5  X  1 0  
- 2  
2  X  1 0 -
2  
3  X  1 0 -
3  
1  X  1 0 -
3  
1  X  1 0 -
5  
1  X  1 0 -
4  
5  X  1 0 -
3  
2  X  1 0 -
5  
4  X  1 0 -
5  
1  X  1 0 -
5  
7  X  1 0 -
4  
2  X  1 0 -
4  
2  X  1 0 -
5  
5  ~ l 0 -
4  
S e n s i t i v i t y  
o f  d e t e c t i o n  
( % '  
1  X  1 0 -
3  
3  X  1 0 -
4  
1  X  1 0 - l  
1  X  1 0 -
2  
~ 
1  X  1 0 -
2  
3  X  1 0 -
4  
1  X  1 0 -
3  
1  X  1 0 - l  
1  X  1 0 -
2  
1  X  1 0 -
3  
1  X  1 0 -
2  
1  X  1 0 -
2  
3  X  1 0 -
3  
1  X  1 0 -
3  
3  X  1 0  
- 4  
3  X  1 0 -
3  
1  X  1 0 - l  
1  X  1 0 -
3  
3  X  1 0 -
3  
1  X  1 0 -
3  
1  X  1 0 -
2  
1  X  1 0 -
2  
1  X  1 0 -
2  
1  - 1  
.  ~ 1 0  
" A b u n d a n c e  p e r c e n t a g e " *  
I n  l e a d - z i n c  
.  d i s t r l . c t s  
8 0  
7 1  
2 8  
1 2  
1 2  
9  
8  
8  
4  
4  
0 . 6  
0 . 3  
T r a c e  
0  
7 6  
T r a c e  
1 1  
0~ 1  
0 . 3  
T r a c e  
T r a c e  
0  
1 . 8  
0  
O u t s i d e  o f  l e a d -
z i n c  d i s t r i c t s  
2 9  
2 5  
1 9  
0  
1 3  
4  
5  
3  
1  
1  
0  
0  
0  
0  
6 4  
0  
8  
0  
0  
0  
0  
0  
0  
0  
*  n u m b e r  o f  c a s e s  p e r  1 0 0  i n  w h i c h  t h e  g i v e n  e l e m e n t  w a s  d e t e c t e d .  
* * C l a r k e =  a v e r a g e  p e r c e n t a g e  o f  t h e  e l e m e n t  i n  t h e  c r u s t  o f  t h e  e a r t h  / 3 4 6 / .  
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H e  r e c o r d s  v a l u e s  f o r  t h e  m e a n  c o p p e r  c o n t e n t s  o f  v a r i o u s  w a t e r s  
s u c h  a s  s t r e a m  w a t e r s ,  m a r s h  w a t e r s  a n d  g r o u n d w a t e r s  a t  v a r i o u s  d i s t a n c e s  
f r o m  C u  d e p o s i t s  ( g e n e r a l l y  a r o u n d  3 0 - 4 0  ~g/1 i n  a l l  i n s t a n c e s ) .  O n  
t h e  o t h e r  h a n d ,  t h e  C u  c o n t e n t  o f  m i n e  w a t e r s  c a n  b e  v e r y  v a r i e d ,  f r o m  
a s  l o w  a s  0 , 0 0 3  t o  a b o u t  7  m g / 1  i n  s o m e  ( n e u t r a l ? )  m i n e  w a t e r s ,  b u t  u p  
t o  t h o u s a n d s  o f  m g / 1  i n  s o m e  o t h e r s  m o r e  a c i d  t h a n  p H  5 , 3 .  H o w e v e r ,  t h e  
g r e a t  m a j o r i t y  o f  s u c h  d e t e r m i n a t i o n s  f a l l  b e l o w  1 0 0  m g / 1 .  A t  p H  >  6 , 0  
[  C u ]  g e n e r a l l y  f a l l s  s h a r p l y  t o  s u b - m g / 1  v a l u e s .  A l t h o u g h  u s e f u l  g e n e r a l -
i z a t i o n s  o f  t h i s  t y p e  a r e  d r a w n ,  B r o d s k i i  d o e s  a d m i t  t o  t h e  f a c t  t h a t  
r e a l  v a r i a t i o n s  w i l l  b e  f o u n d  b e t w e e n  c o p p e r  p r o v i n c e s  a n d  e v e n  w i t h i n  
t h e m .  T h u s  p e a k  a n d  b a c k g r o u n d  v a l u e s  a n d  t h e i r  r a t i o s  c h a n g e  s o m e w h a t  
f r o m  o n e  d e p o s i t  t o  a n o t h e r  a n d  C u  a n o m a l i e s  a r o u n d  g i v e n  o r e b o d i e s  c a n  
b e  d i s c o n t i n u o u s ,  e r r a t i c ,  o r  a t t e n u a t e d  b y  h i g h  r e l i e f  a n d  a b u n d a n t  
p r e c i p i t a t i o n .  H e  s t a t e s  t h a t  t h e  g e n e r a l i z e d  i d e a l  b e h a v i o u r  o f  C u  
~n g r o u n d w a t e r  c a n  b e  r a d i c a l l y  a l t e r e d  b y  f a c t o r s  s u c h  a s  t h e  p r e s e n c e  
o f  o r g a n i c  m a t t e r  ( i n c r e a s e d  m o b i l i t y  o f  C u )  o r  h i g h  T o t a l  D i s s o l v e d  
S o l i d s  ( d e c r e a s e d  m o b i l i t y ) .  D e p t h  o f  b u r i a l  o f  t h e  o r e  i s  a l s o  c r i t i c a l ,  
m o r e  c o p p e r  b e i n g  r e l e a s e d  t o  t h e  g r o u n d w a t e r  b y  t h e  s h a l l o w e r  b o d i e s .  
I n  h i s  e x p e r i e n c e ,  o n e  m a y  e x p e c t  t o  d e t e c t  t h e  g r o u n d w a t e r  d i s p e r s i o n  
h a l o e s  o f  c o p p e r  d e p o s i t s  a t  a  m a x i m u m  d i s t a n c e  o f  b e t w e e n  5 0  m  a n d  
5  k m  f r o m  t h e  s o u r c e ,  d e p e n d i n g  o n  t h e  c o n d i t i o n s  • .  I n  m o s t  c a s e s  t h e  
m e a n  d e c r e a s e  i n  [ C u ]  a s  o n e  m o v e s  o u t w a r d  f r o m  t h e  s o u r c e  i s  q u i t e  
r e g u l a r  a n d  h y p e r b o l i c ,  b u t  t h e  r a t e  o f  " d e c a y "  v a r i e s  w i d e l y  f o r  d i f -
f e r e n t .  o r e b o d i e s .  A m o n g s t  t h e  e l e m e n t s  t h a t  B r o d s k i i  f o u n d  t o  b e  
c o m m o n l y  a s s o c i a t e d  w i t h  C u  a n o m a l i e s  i n  g r o u n d w a t e r  a r e  Z n ,  A g  a n d  
s o m e t i m e s  M o .  Z i n c  i n  p a r t i c u l a r  o f t e n  f o r m s  a  h a l o  b r o a d e r  t h a n  t h a t  
o f  c o p p e r ,  a n d  [ Z n ]  u s u a l l y  o b e y s  a  s i m i l a r  h y p e r b o l i c  d e c a y  
4 9 .  
l a w . *  
4 . 3 2  S O V I E T  U N I O N  :  A n i o n i c  P a t h f i n d e r s  
I t  i s  i m p l i e d  i n  s o m e  o f  t h e  f o r e g o i n g  e x a m p l e s  t h a t  t h e  S o v i e t  
w r i t e r s  w e r e  a t  t h i s  t i m e  a l s o  v e r y  i n t e r e s t e d  i n  t h e  u s e  o f  a n i o n i c  
p a t h f i n d e r s  f o r  b a s e  m e t a l  s u l p h i d e s  ( e . g .  K r a s n i k o v ,  1 9 5 5 / 4 9 5 / ) .  
B r o d s k i i  / 3 4 5 / ,  a l t h o u g h  p r i m a r i l y  i n t e r e s t e d  i n  m e t a l  a n o m a l i e s ,  
s t r e s s e d  t h a t  l o w  p H  a n d  h i g h  [  S 0 4  ]  a r e  b o t h  v e r y  i m p o r t a n t  c r i t e r i a  
f o r  t h e  r e c o g n i t i o n  o f  a n o m a l o u s  g r o u n d w a t e r s  a s s o c i a t e d  w i t h  c o p p e r  
m i n e r a l i z a t i o n .  I n  h i s  s u b s e q u e n t  s u m m a r i e s  o f  t h e  g e n e r a l  p r i n c i p l e s  
o f  h y d r o g e o c h e m i c a l  p r o s p e c t i n g  ( e . g .  / 7 8 4 / ) ,  h e  r e p e a t e d l y  u n d e r s c o r e d  
t h e  i m p o r t a n c e  o f  t h e  s u l p h a t e / c h l o r i d e  r a t i o  a s  a  g e n e r a l l y  u s e f u l  
t o o l .  I n d e e d ,  t h e  u s e  o f  a n i o n i c  p a t h f i n d e r s  m a y  b e  m a n d a t o r y  ~n s o m e  
c a s e s .  K r a i n o v  ( a l i a s  K r a y n o v )  ( 1 9 5 6 / 3 5 1 / ,  1 9 5 7 / 5 3 6 / )  r e c o r d s  t h a t  
s o m e  t y p e s  o f  s u l p h i d i c  d e p o s i t s  c o u l d  n o t  a l w a y s  b e  l o c a t e d  b y  s e a r c h i n g  
f o r  t h e  t r a d i t i o n a l  c o m b i n a t i o n  o f  l o w  p H  a~d h i g h  a q u e o u s  c o n c e n t r a t i o n s  
o f  m e t a l  ( w h e t h e r  C u ,  P b  o r  Z n ) ,  e s p e c i a l l y  i n  r e g i o n s  w h e r e  t h e  n a t u r a l  
b a c k g r o u n d  m e t a l  v a l u e s  i n  g r o u n d w a t e r  a r e  
1
h i g h .  H e .  f o u n d  t h a t  t h e  m e a n  
b a c k g r o u n d  v a l u e  f o r  s u l p h a t e  i o n  i n  g r o u n d w a t e r s  i n  A r m e n i a  w a s  6 - 1 0  m g / 1  
*  T h e  c y n i c  w i l l  b e  f o r g i v e n  f o r  m a k i n g  t h e  o b s e r v a t i o n  t h a t ,  b y  t h e  
t i m e  h e  i s  f i n i s h e d ,  B r o d s k i i  s o u n d s  s u s p i c i o u s l y  l i k e  G e r m a n o v  a n d  S a u k o v .  
B r o d s k i i  ( a p p a r e n t l y )  p a r t l y  c o n t r a d i c t s  h i m s e l f  b y  e r e c t i n g  a  g e n e r a l  
s y s t e m  f o r  c l a s s i f y i n g  e l e m e n t s  a n d  i o n s  a c c o r d i n g  t o  m o b i l i t y ,  i n  w h i c h  
h e  d e s c r i b e s  Z n  a n d  S 0 4  a s  ' a c c u m u l a t i n g "  ( i . e .  r a p i d l y  c o l l e c t e d  b y  
g r o u n d w a t e r  a n d  f o r m i n g  w i d e  b u t  p o s s i b l y  e r r a t i c  h a l o e s ) ,  M o  a s  " n o n -
d i s p e r s i b l e "  ( i . e .  f o r m i n g  c l e a r l y  d e f i n e d  h a l o e s )  a n d  m o s t  o f  t h e  r e s t  
o f  t h e  o r e - f o r m i n g  e l e m e n t s  a s  " d i s p e r s i b l e "  ( i . e .  d i s s i p a t e d  f r o m  
g r o u n d w a t e r  b y  v a r i o u s  p r o c e s s e s  ( i n c l u d i n g ,  p r e s u m a b l y ,  p r e c i p i t a t i o n ) ,  
a n d  t h e r e f o r e  n o t  g i v e n  t o  f o r m i n g  c l e a r  h a l o e s ) .  
5 0 .  
a n d  t h a t  a n o m a l o u s  p e a k s  o f  1 5  t o  2 0 0  m g / 1  c o u l d  b e  e x p e c t e d ,  d e p e n d i n g  
o n  t h e  t y p e  o f  m i n e r a l i z a t i o n ,  w i t h  c h a l c o p y r i t e  d e p o s i t s  g i v i n g  t h e  
h i g h e s t  v a l u e s .  H e  n o t e d ,  h o w e v e r ,  t h a t  t h e  s u l p h a t e / c h l o r i d e  r a t i o  
w a s  a  m o r e  r e l i a b l e  p a t h f i n d e r ,  e s p e c i a l l y  f o r  p o l y m e t a l l i c  d e p o s i t s  
a s  o p p o s e d  t o  c h a l c o p y r i t e  o r  s u l p h u r - p y r i t e  b o d i e s .  H i g h  v a l u e s  f o r  
t h e  r a t i o  a r e  a  f a v o u r a b l e .  s i g n ,  b u t  c a r e  m u s t  b e  t a k e n  t o  c o r r e c t  
f o r  s e a s o n a l  f a c t o r s ,  s i n c e  c y c l i c  c h a n g e s  i n  t h e  r a t i o  v a l u e  b e s p e a k  
a n  u n e q u a l  c l i m a t i c  i n f l u e n c e  o n  t h e  r e s p e c t i v e  a b s o l u t e  c o n c e n t r a t i o n s  
o f  t h e  c h l o r i d e  a n d  s u l p h a t e  i o n s .  K r a i n o v  f o u n d  t h a t  t h e  r a t i o  i n  
b a c k g r o u n d  a r e a s  v a r i e d  f r o m  1 , 5  i n  e a r l y  s u m m e r  t o  2 , 5  i n  a u t u m n .  T h e r e  
a r e  o b v i o u s l y  o t h e r  l i m i t a t i o n s ,  t o o ,  s i n c e  t h e  a p p e a r a n c e  o f  s u l p h a t i c  
w a t e r s  c a n  b e  t h e  r e s u l t  o f  m a n y  d i f f e r e n t  a g e n c i e s ,  n o t  a l l  o f  w h i c h  
a r e  c o n n e c t e d  w i t h  e c o n o m i c a l l y  i m p o r t a n t  c o n c e n t r a t i o n s  o f  m i n e r a l s .  
G y p s u m  i s  o n e  o b v i o u s  s o u r c e  o f  t h e  i o n  a n d  B r o d s k i i  / 3 4 5 /  p o i n t e d  o u t  
t h a t  p y r i t e  b o d i e s  c a n  g e n e r a t e  s u l p h a t e  a n o m a l i e s  t h a t  a r e  i d e n t i c a l  
t o  t h o s e  a s s o c i a t e d  w i t h  s u l p h i d e s  o f  t h e  r a r e r  m e t a l s .  
4 . 3 3  S O V I E T  U N I O N  :  L e s s - c o m m o n  Pathfinde~and M i n e r a l s  
O n e  c a n  g a u g e  f r o m  t h e  f o r e g o i n g  t h a t  b y  1 9 5 7  t h e  t r a d i t i o n a l  
c o m b i n a t i o n  o f  C u - P b - Z n  a n d  s u l p h a t e  h a d  a l m o s t  b e c o m e  t h e  " t o u c h s t o n e "  
o f  g r o u n d w a t e r  h y d r o g e o c h e m i c a l  e x p l o r a t i o n  i n  t h e  U . S . S . R .  / 5 5  p .  2 2 7 / .  
H o w e v e r  t h e  S o v i e t  r e s e a r c h e r s  h a d  a l s o  a c c u m u l a t e d  a  s u b s t a n t i a l  b o d y  
o f  d a t a  o n  t h e  u s e  o f  a d d i t i o n a l  p a t h f i n d e r s  a n d  o n  p r o s p e c t i n g  f o r  a  
w i d e  r a n g e  o f  m i n e r a l  d e p o s i t s .  N o t e ,  f o r  e x a m p l e ,  t h a t  T a b l e s  1  a n d  2  
( p p .  4 6  - 4 7  )  l i s t  d a t a  f o r  t w e n t y - f i v e  e l e m e n t s .  I n  a d d i t i o n ,  t h e  
S o v i e t s  w e r e  e x p e r i m e n t i n g  a n d  p r o s p e c t i n g  w i t h  p a r a m e t e r s  a n d  s p e c i e s  
s u c h  a s  p h o s p h a t e  / 3 5 0 / ,  f l u o r i n e  / 3 5 2 / ,  p 0
2  
/ 3 5 3 / ,  E h  / 3 5 6  a n d  5 5  p .  2 1 7 /  
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a n d  b o r o n  / 3 5 4  a n d  5 5  p .  2 2 7 / .  V i n o g r a d o v  ( 1 9 5 7 / 5 2 8 / ) ,  f o r  e x a m p l e ,  
f o u n d  a s  m u c h  a s  1 0  ~g M o / 1  i n  s p r i n g s  i s s u i n g  f r o m  w e l l - f r a c t u r e d  
b i o t i t e  g r a n i t e  o n  s t e e p  s l o p e s  b e l o w  c o n t a c t  m o l y b d e n i t e  b o d i e s  a t  
t h e  L y a n g a r  d e p o s i t s  o f  t h e  C a u c a s u s .  C l a s s i c  f a n - s h a p e d  a n o m a l i e s ,  
s u c h  a s  t h o s e  n o r m a l l y  a s s o c i a t e d  o n l y  w i t h  p e d o g e o c h e m i c a l  d i s p e r s i o n ,  
a r e  w e l l  d e v e l o p e d  i n  t h e  g r o u n d w a t e r s  b e l o w  t h e  o r e  l o d e s .  T h e  f a v o u r -
a b l e  c o n d i t i o n s  t h a t  p e r m i t t e d  t h i s  p h e n o m e n o n  w e r e  t h e  e v e n  s l o p e  o f  
t h e  w a t e r  t a b l e  a n d  t h e  h i g h  a n d  u n i f o r m  p e r m i a b i l i t y  o f  t h e  g r o u n d .  
I t  w a s  r e p o r t e d  b y  G i n z b u r g  / 5 5 /  t h a t  t h e  s p e c t r a  o f  r e s i d u e s  o f  
w a t e r s  o f  q u a r t z - t u n g s t e n  b o d i e s  i n c l u d e d  w e a k  l i n e s  o f  B e ,  P b ,  S n ,  A g  
a n d  W  a n d  s t r o n g e r  l i n e s  o f  M o  a n d  e s p e c i a l l y  c o p p e r .  S i m i l a r  t r e a t m e n t  
o f  w a t e r s  f r o m  M o  d e p o s i t s  y i e l d e d  w e a k  S n ,  C u ,  M o ,  C o ,  W  a n d  T i  s p e c t r a ,  
b u t  s t r o n g  S r  l i n e s .  A l t h o u g h  [ M o ]  w a s  l o w ,  i t  n e v e r t h e l e s s  s e r v e d  w e l l  
a s  a n  i n d i c a t o r  o f  m o l y b d e n u m  d e p o s i t s .  
G i n z b u r g  a d d e d  h i s  o w n  g e n e r a l  c o n c l u s i o n s  a b o u t  t h e  a s s o c i a t i o n  
o f  c e r t a i n  e l e m e n t s  i n  g r o u n d w a t e r s  w i t h  a  b r o a d  c a t e g o r y  o f  ; o r e b o d i e s  
( t h e  p y r i t i c  d e p o s i t s  o f  t h e  s o u t h e r n  U r a l s ) .  S i l v e r  ( < 1  t o  2 6 0  m g / 1 ) ,  
C u  ( < 1  t o  2 1 , 5  m g / 1 ) ,  P b  ( < 1  m g / 1 ) ,  Z n  ( < 1  t o  3 5 , 6  m g / 1 ) ,  A s  ( < 1  t o  2 2  m g / 1 ) ,  
H g  ( < 1  t o  1 , 6  m g / 1 ) ,  M n  ( < 1  t o  7 , 4  m g / 1 ) ,  A g  ( a b o u t  4 0  ~g/1) a n d  A u  
( a b o u t  3  ~g/1) w e r e  n o t e d ,  b u t  a n t i m o n y  c o u l d  n o t  b e  d e t e c t e d  i n  a n y  
s a m p l e  b y  w e t  c h e m i c a l  t e s t s .  B y  a r c i n g  d r y  r e s i d _ u e s  o f  t h e s e  w a t e r s  
t h e  e l e m e n t s  C o ,  M o ,  B a  a n d  S r  w e r e  c o m m o n l y  d e t e c t e d  a n d  o c c a s i o n a l l y  
C r ,  V ,  C d  a n d  G a .  T i n  w a s  a l w a y s  u n d e t e c t a b l e .  G i n z b u r g  a l s o  r e c o r d s  
w e t  c h e m i c a l  a s  w e l l  a s  o p t i c a l  s p e c t r o g r a p h i c  ( d r y  r e s i d u e )  a n a l y s e s  
o f  w a t e r s  ( a p p a r e n t l y  b o t h  s u r f a c e  a n d  g r o u n d w a t e r s )  a s s o c i a t e d  w i t h  
t h e  p o l y m e t a l l i c  d e p o s i t s  o f  C e n t r a l  K a z a k h s t a n .  C o p p e r ,  P b  a n d  z i n c  
w e r e  g e n e r a l l y  f o u n d  a t  c o n c e n t r a t i o n s  b e l o w  1  m g / 1  a n d  M o  a n d  A g  f r o m  
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n  x  1 0  t o  n  x  1 0  %  o f  t h e  d r y  r e s i d u e s .  M o l y b d e n u m  a p p e a r e d  t o  
b e  v e r y  m o b i l e .  B e r y l l i u m ,  P ,  S b ,  W ,  G e  a n d  I n  c o u l d  n o t  b e  d e t e c t e d  
a n d  S n  a n d  A s  w e r e  v e r y  r a r e .  
I n  a d d i t i o n ,  G i n z b u r g  c l a i m e d  t h a t  b o r o n  i s  a  u s e f u l  p a t h f i n d e r  
f o r  C u ,  F e  a n d  P b - Z n  o r e s  i n  a d d i t i o n  t o  b o r a x  d e p o s i t s .  A l b o v  
( 1 9 5 7 / 7 8 1 / ) ,  o n  t h e  o t h e r  h a n d ,  s u m m a r i z e d  t h e  i n f o r m a t i o n  a v a i l a b l e  
a b o u t  b o r o n  i n  t h e  g r o u n d w a t e r s  o f  C r i m e a ,  a n d  c a m e  t o  t h e  o p p o s i t e  
c o n c l u s i o n .  H e  s h o w e d  t h a t  d e t e c t a b l e  c o n c e n t r a t i o n s  o f  b o r o n  r a n g e d  
f r o m  a b o u t  n  x  1 0 -
2  
t o  n  x  1 0
3  
m g / 1 ,  t h a t  t h e  p r i n c i p l e  s o u r c e s  o f  
b o r o n  w e r e  v o l c a n i c  a c t i v i t y  a n d  m a r i n e  s e d i m e n t a r y  r o c k s ,  a n d  t h a t  
t h e r e  w a s  n o t h i n g  t o  s u g g e s t  t h a t  b o r o n  w a s  a  u s e f u l  h y d r o g e o c h e m i c a l  
p a t h f i n d e r  i n  t h i s  r e g i o n .  
B e u s  ( 1 9 5 6 / 7 8 0 / )  d i s c o v e r e d  t h a t  m i n e  w a t e r  a t  p e g m a t i t e  d e p o s i t s  
~n t h e  U . S . S . R .  i n i t i a l l y  c o n t a i n e d  a s  m u c h  a s  1 0  ~gBe/1, b u t  t h a t  
p r e c i p i t a t i o n ,  o r  c o - p r e c i p i t a t i o n  w i t h  o x i d e s  o f  F e ,  M n  a n d  A l ,  s o o n  
l o w e r e d  t h e  c o n c e n t r a t i o n  o f  b e r y l l i u m  t o  b e l o w  t h e  d e t e c t i o n  l i m i t .  
4 . 3 4  S O V I E T  U N I O N  :  M i s c e l l a n e o u s  S t u d i e s  
I n  a d d i t i o n  t o  e m p h a s i z i n g  t h e  t y p i c a l  r e l a t i o n s h i p s  w h i c h  m i g h t  
b e  e x p e c t e d  t o  e x i s t  b e t w e e n  o r e b o d i e s  a n d  t r a c e  e l e m e n t s  d i s s o l v e d  
~n a s s o c i a t e d  n a t u r a l  w a t e r s ,  t h e  S o v i e t  p r o s p e c t o r s  w e r e  v e r y  i n t e r e s t e d  
i n  t h e  o v e r a l l  c h a r a c t e r i z a t i o n  a n d  c l a s s i f i c a t i o n  o f  n a t u r a l  w a t e r s  a s  
a  b a s i c  e x p l o r a t i o n  t o o l .  W h e r e a s  B r o d s k i i  / 3 4 5 /  h a d  d i v i d e d  c e r t a i n  
a n o m a l o u s  w a t e r s  i n t o  t h r e e  t y p e s ,  U d o d o v  a n d  O n u f r i e n k o  / 5 5  p .  1 2 7  
e t  s e q . /  c l a s s i f i e d  t h e  n a t u r a l  w a t e r s  a s s o c i a t e d  w i t h  o r  a d j a c e n t  t o  
m i n e r a l i z e d  a r e a s  i n  t h e  m o u n t a i n s  o f  w e s t e r n  S i b e r i a  i n t o  f i f t e e n  
k i n d s ,  o n  t h e  b a s i s  o f  ( a )  " T y p e  o f  n a t u r a l  w a t e r " ,  f o r  e x a m p l e ,  
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s u r f a c e - o r  g r o u n d w a t e r ,  ( b )  "  . . . . •  E n v i r o n m e n t  w i t h  r e s p e c t  t o  s o u r c e s  
o f  m i n e r a l i z a t i o n " ,  e . g .  w a t e r s  o f  m i n e r a l i z e d  z o n e s  o r  w a t e r s  o f  p e d o -
l o g i c a l l y  d i s p e r s e d  r e g o l i t h  a n d  ( c )  " T y p e s  o f  r o c k ,  i n  r e f e r e n c e  t o  
t h e i r  e f f e c t  o n  p H  o f  n a t u r a l  w a t e r " ,  i . e .  e i t h e r  " a c t i v e  o r  i n a c t i v e " .  
F o r  e a c h  k i n d  o f  n a t u r a l  w a t e r  t h e y  l i s t  t h e  t y p i c a l  p H  r a n g e  f o u n d ,  
(SO~], [ h e a v y  m e t a l s ]  a n d  a d d i t i o n a l  i n f o r m a t i o n  s u c h  a s  t h e  p r e s e n c e  
o f  f r e e  o x y g e n  a n d  s i m i l a r i t i e s  a n d  d i f f e r e n c e s  b e t w e e n  t h e  h e a v y  m e t a l  
a s s o c i a t i o n s  i n  t h e  w a t e r ,  o n  t h e  o n e  h a n d ,  a n d  i n  t h e  p a r e n t  r o c k  o n  
t h e  o t h e r .  
I t  i s  a p p r o p r i a t e  a t  t h i s  p o i n t  t o  m e n t i o n  t h e  w o r k  o f  C h e b o t a r e v  
( 1 9 5 5 / 1 0 4 8 - 1 0 5 0 / ) .  C h e b o t a r e v  w a s  n o t  a  p r o s p e c t o r ,  b u t  h e  w a s  o n e  o f  
t h e  " f a t h e r s "  o f  a  h y d r o c h e m i c a l  c o n c e p t  t h a t  w o u l d  l a t e r  p r o v e  t o  b e  
o f  g r e a t  i m p o r t a n c e  i n  g r o u n d w a t e r  h y d r o g e o c h e m i c a l  e x p l o r a t i o n ,  e s p e c i a l l y  
f o r  u r a n i u m .  H i s  w o r k  i s  a n o t h e r  r e m i n d e r  t h a t  t h i s  s c i e n c e  h a s  a l w a y s  
b o r r o w e d  f r o m ,  a n d  b e e n  e n r i c h e d  b y ,  m a n y  r e l a t e d  d i s c i p l i n e s .  C h e b o t a r e v  
w a s  c o n c e r n e d  w i t h  t h e  f u n d a m e n t a l  c l a s s i f i c a t i o n  o f  g r o u n d w a t e r  t y p e s  
a n d  w i t h  t h e  e s s e n t i a l  c h e m i c a l  c h a r a c t e r i s t i c s  o f  t h e  s u b t e r r a n e a n  
h y d r o l o g i c a l  c y c l e .  H i s  c o n c l u s i o n s  w e r e  b a s e d  o n  a n a l y s e s  a n d  h y d r o l o g i c a l  
d a t a  f o r  1 0  0 0 0  g r o u n d w a t e r  s a m p l e s  f r o m  m a n y  p a r t s  o f  t h e  S o v i e t  U n i o n .  
T h e  m a i n  p o i n t  h e  m a d e  i s  t h a t ,  a l l  e l s e  b e i n g  e q u a l ,  t h e  c h e m i s t r y  o f  
g r o u n d w a t e r  i s  a  f u n c t i o n  o f  i t s  a g e ,  a n d  t h a t  w a t e r s  " m e t a m o r p h o z e "  a s  
t h e y  p a s s  t h r o u g h  t h e  h y d r o l o g i c a l  c y c l e  o f  r e c h a r g e ,  t r a n s p o r t a t i o n  
a n d  d i s c h a r g e .  T h u s  y o u n g ,  f r e s h  w a t e r s  i n  u p l a n d  r e c h a r g e  a r e a s  t e n d  
t o  h a v e  c o m m o n  c h e m i c a l  c h a r a c t e r i s t i c s  a n d  o l d  o r  w e l l - t r a v e l l e d  w a t e r s  
a l l  t e n d  t o  b e  c h l o r i d e - r i c h  a n d  b r a c k i s h .  T h e  n o r m a l  c o u r s e  o f  t h i s  
m e t a m o r p h i c  s e q u e n c e  i s  b i c a r b o n a t e  w a t e r s  +  H C 0
3
- c l  w a t e r s  +  
C l - H C 0
3  
w a t e r s  
+  
C l - S O  
4  
w a t e r s  
+  
s o
4
- c 1  w a t e r s  
+  
s u l p h a t e  w a t e r s  
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+  c h l o r i d e  w a t e r s .  V a r i a t i o n s  o c c u r  w i t h i n  t h e  g e n e r a l  s c h e m e ,  b u t  
i t s  ov~rall d i r e c t i o n  i s  n o t  r e v e r s i b l e  u n l e s s  s i g n i f i c a n t  d i l u t i o n  
t a k e s  p l a c e .  W e  w i l l  s e e ,  i n  s u b s e q u e n t  s e c t i o n s  o f  t h i s  r e v i e w ,  t h a t  
m a n y  w o r k e r s  h a v e  m a d e  v e r y  g o o d  u s e  o f  C h e b o t a r e v ' s  p r i n c i p l e s  i n  
g r o u n d w a t e r  h y d r o g e o c h e m i c a l  e x p l o r a t i o n .  
T h e r e  w a s  a  r e n e w e d  S o v i e t  i n t e r e s t  a t  t h i s  t i m e  i n  t h e  p o s s i b i l i t y  
o f  s u b s t i t u t i n g  r a p i d  g e o p h y s i c a l  ( c o n d u c t i v i t y ,  r e s i s t i v i t y )  m e a s u r e m e n t s  
f o r  c e r t a i n  c h e m i c a l  t e s t s ,  f o r  e x a m p l e  i n  a r e a s  w h e r e  H
2
s o
4  
f r o m  p y r i t i c  
m i n e r a l i z a t i o n  i n c r e a s e s  t h e  s p e c i f i c  c o n d u c t i v i t y  o f  g r o u n d w a t e r s  
( / 4 9 4 / 1 9 5 5 ,  c i t e d  r e f e r e n c e  p u b l i s h e d  1 9 5 8 ) .  
U n d i m i n i s h e d  a t t e n t i o n  w a s  p a i d  t o  t h e  p h y s i c o - c h e m i c a l  c o n t r o l s  
o f  s o l u b i l i t y  a n d  m o b i l i t y  a n d  o n  t h e  i n t e r - r e l a t i o n s h i p s  b e t w e e n  v a r i o u s  
s p e c i e s  p r e s e n t  i n  d i f f e r e n t  w a t e r  t y p e s  ( e . g .  / 5 0 4 - S / ) .  B e l i a k o v a  ( a l i a s  
B e l y a k o v a ,  1 9 5 6 / 3 4 8 ,  7 8 5 / ,  1 9 5 7 / 5 3 3 / ) ,  f o r  e x a m p l e ,  f o u n d  t h a t  i n  g r o u n d -
w a t e r s  a s s o c i a t e d  w i t h  m o l y b d e n u m  m i n e r a l i z a t i o n  i n  c e n t r a l  K a z a k h s t a n  
[ M o ]  w a s  i n d e p e n d a n t  o f  [SO~] a n d  p H  a n d  t h a t  h i g h  l e v e l s  o f  c a l c i u m  
b i c a r b o n a t e  r e s u l t e d  i n  t h e  p r e c i p i t a t i o n  o f  c a l c i u m  m o l y b d a t e  - t h e  
l a t t e r  o b s e r v a t i o n  c o n f i r m i n g  t h e  e a r l i e r  f i n d i n g s  o f  D o l u k h a n o v a  ( a l i a s  
K o l u k h a n o v a ,  / 4 9 6 / ) .  P l o t n i k o v  a n d  S y r o v a t k o  ( 1 9 5 7 / 7 9 4 / )  s t u d i e d  g r o u n d -
w a t e r s  i n  v a r i o u s  o r e b o d i e s  a n d  e m p h a s i s e d  t h e  v e r y  p o w e r f u l  r o l e  t h a t  
c o - p r e c i p i t a t i o n  p l a y s  i n  c o n t r o l l i n g  t h e  a b u n d a n c e s  o f  m e t a l s  i n  t h e s e  
w a t e r s .  V a r i o u s  w o r k e r s  ( e . g .  / 3 5 6 - 7 ,  5 0 6 / )  d i s c u s s e d  t h e  i m p o r t a n c e  o f  
E h  w i t h  r e f e r e n c e  t o  t h e  s o l u b i l i t y  o f  s u l p h i d e  m i n e r a l s  a n d  t h e  d i s p e r s i o n  
o f  l i b e r a t e d  h e a v y  m e t a l s .  S h c h e r b a k o v  ( 1 9 5 6 / 6 5 4 / )  p r e s e n t e d  a n  e x t e n s i v e  
s u m m a r y  o f  t h e  g e o c h e m i c a l  s i g n i f i c a n c e  o f . E h  c o n d i t i o n s  a n d  r e d o x  
r e a c t i o n s  i n  t h e  " u n d e r g r o u n d  h y d r o s p h e r e " .  
O n e  o f  t h e  m o s t  n o t e w o r t h y  e x a m p l e s  i n  t h i s  c a t e g o r y  i s  t h e  t r e a t i s e  
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b y  S h c h e r b i n a  ( 1 9 5 6 / 7 7 5 / )  o n  t h e  r o l e  p l a y e d  b y  c o m p l e x  i o n s  i n  ~he 
t r a n s f e r  o f  e l e m e n t s  i n  t h e  s u p e r g e n e  z o n e .  T h i s  s u b j e c t  h a d  b e e n  
r e l a t i v e l y  l i t t l e  s t u d i e d  b e f o r e  1 9 5 6 ,  b u t  i t  w a s  c l e a r  t h a t  " m a n y  
e l e m e n t s  s u c h  a s  f e r r i c  i o n ,  t i t a n i u m ,  z i r c o n i u m ,  u r a n i u m ,  t i n ,  s c a n d i u m ,  
s i l v e r ,  g o l d  a n d  o t h e r s  a r e  i m m o b i l e  i n  t h e  f o r m  o f  s i m p l e  c a t i o n s  i n  
t h e  n e u t r a l  a q u e o u s  s o l u t i o n s  o f  t h e  s u p e r g e n e  z o n e ,  a n d  i f  i t  w e r e  n o t  
f o r  t h e  e x i s t e n c e  o f  o t h e r . m o d e s  o f  t r a n s f e r ,  t h e y  c o u l d  n o t  p a r t i c i p a t e  
i n  g e o c h e m i c a l  m i g r a t i o n .  W h e n  t h e s e  c a t i o n s  f o r m  c o m p l e x  i o n s ,  u s u a l l y  
c h a n g i n g  t o  a n i o n s  i n  t h e  p r o c e s s ,  t h e i r  c h e m i c a l  p r o p e r t i e s  c h a n g e  
g r e a t l y .  I n  m o s t  c a s e s  t h e i r  s o l u b i l i t y  i n c r e a s e s ,  t h e  o x i d a t i o n -
- r e d u c t i o n  p o t e n t i a l  c h a n g e s  s h a r p l y  a n d  t h e  e l e m e n t s  b e c o m e  v e r y  m o b i l e  
( p .  4 8 6 ) .  T h e  e x a m p l e  t h a t  S h c h e r b i n a  u s e s  t o  i l l u s t r a t e  t h i s  c o n c e p t  
i s  t h e  n o r m a l l y - i n s o l u b l e  c o m p o u n d  A g C l ,  w h i c h  n e v e r t h e l e s s  d i s s o l v e s  
r e a d i l y  i n  b r i n e :  
+  
A g C l  +  N a C l  +  N a ( A g C 1
2
)  
T h e  ' ' i n s t a b i l i t y  c o n s t a n t "  ( K )  f o r  t h i s  c o m p l e x  i s  d e f i n e d  f o r  
a n d  
( A g C 1
2
)  
+  +  
+  A g  +  2 C l  
K  =  
!~g~l!9!=1 =  
[  ( A g C l ) ; ]  
- 6  
2 , 3  X  1 0  
T h e  s m a l l e r  t h e  v a l u e  o f  K ,  t h e  m o r e  s t a b l e  t h e  c o m p l e x .  T h u s  t h e  a b o v e  
c h l o r o - c o m p l e x  i s  n o t  d i s s o c i a t e d  b y  e i t h e r  p h o s p h a t e  o r  c a r b o n a t e  i o n s ,  
b u t  w i l l  b e  d e s t r o y e d  b y  s u l p h i d e  i o n ,  b e c a u s e  t h e  v a l u e  f o r  t h e  s o l u b i l i t y  
p r o d u c t  o f  A g
2
S  i s  e~tremely s m a l l  ( l o -
5 1
) .  O t h e r  c o m p l e x i n g  a g e n t s  a n d  
o t h e r  m e t a l s  w i l l ,  o f  c o u r s e ,  b e h a v e  d i f f e r e n t l y .  T h u s  " t h e  s u l p h i d e  i o n  
d o e s  n o t  p r e c i p i t a t e  i r o n  f r o m  i t s  s t a b l e  c o m p l e x e s  w i t h  s o i l  a c i d s ,  b e -
c a u s e  t h e  c o n c e n t r a t i o n  o f  i r o n  i o n s  r e s u l t i n g  f r o m  t h e  d i s s o c i a t i o n  o f  
t h e s e  c o m p l e x e s  i s  l o w e r  t h a n  t h e  c o n c e n t r a t i o n  o f  i r o n  i o n s  c o r r e s p o n d i n g  
I I  
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t o  t h e  s o l u b i l i t y  p r o d u c t  c o n s t a n t  o f  F e S  ( 3 , 7  x  l o -
1 9
)  . . • . •  C o m p l e x  
i o n s  p l a y  t h e  r o l e  o f  s o l v e n t s ,  i f  t h e  n e w  c o m p l e x  i o n  r e s u l t i n g  f r o m  
s o l u t i o n  i s  l e s s  d i s s o c i a t e d  t h a n  t h e  f i r s t  o n e  . . • . .  T h e  r e a c t i o n s  
o c c u r r i n g  a c c o r d i n g  t o  t h i s  p r i n c i p l e  m a y  b e  m u c h  m o r e  c o n u n o n  t h a n  i s  
k n o w n  a t  p r e s e n t "  ( p .  4 8 7 ) .  
T h e  t e n d e n c y  f o r  e l e m e n t s  t o  p a r t i c i p a t e  i n  c o m p l e x  f o r m a t i o n  v a r i e s  
r a t h e r  r e g u l a r l y  w i t h  p e r i o d i c  p r o p e r t i e s ,  i n c r e a s i n g  w i t h  b o t h  i n c r e a s i n g  
v a l e n c e  - a n d  d e c r e a s i n g  i o n i c  r a d i u s .  T h e  c h a r a c t e r i s t i c  c o m p l e x - f o r m i n g  
+ + +  .  4 +  4 +  6 +  
e l e m e n t s  a r e  B e ,  A l ,  F e  ,  T 1 ,  Z r ,  S n  ,  V  ,  U  a n d  t o  a  l e s s e r  d e g r e e  
C  
3 +  v 3 +  
r  '  '  
3 +  4 +  6 +  6 +  .  
S c  ,  t h e  r a r e  e a r t h s ,  U  ,  W  ,  M o  a n d  p o s s 1 b l y  N b  a n d  T a ,  
a l l  o f  w h i c h  h a v e  i o n i c  p o t e n t i a l s  ( I P )  o f  i n t e r m e d i a t e  m a g n i t u d e s .  T h e  
i o n s  w i t h  h i g h  I P  ( S ,  P ,  S i ,  N )  t e n d  t o  f o r m  s i m p l e  a n i o n s  s i m i l a r  t o  
PO~- a n d  SO~, w h i l e  t h e  m e t a l s  w i t h  l o w  I P ' s ,  s u c h  a s  R b ,  B a ,  N a ,  L i  e t c .  
d o  n o t  r e a d i l y  f o r m  c o m p l e x e s .  
T h e  m o r e  s t a b l e  c o m p l e x  i o n s  w i l l  t e n d  t o  m i g r a t e  t h e  f u r t h e s t ,  s i n c e  
t h e y  w i l l  b e  l e s s  s u s c e p t i b l e  t o  d e s t r u c t i o n  b y  n e w l y - e n c o u n t e r e d  c h e m i c a l  
a g e n t s  o r  c h a n g e s  i n  physico-c~emical p a r a m e t e r s .  F o r  e x a m p l e ,  t h e  r e d o x  
p o t e n t i a l  f o r  t h e  r e a c t i o n  A u  +  A u
3
+  +  3 e  i s  l , S O v .  b u t  f o r  t h e  r e a c t i o n  
A u  
+  
A u C 1
4  
i t  i s  o n l y  l , O v .  M o r e o v e r ,  " i t  i s  p o s s i b l e  t h a t  g o l d  m a y  
f o r m  c o m p l e x  i o n s  w i t h  s t i l l  s m a l l e r  i n s t a b i l i t y  c o n s t a n t s  w i t h  o n e  o f  
t h e  n u m e r o u s  s o i l  a c i d "  ( c f .  F r e i s e ,  1 9 3 0 - 1 9 3 4 / 7 7 8 - : 9 / ) .  
N e v e r t h e l e s s ,  n o  c o m p l e x  c a n  e x i s t  i n d e f i n i t e l y  u n d e r  t h e r m o d y n a m i c  
c o n d i t i o n s  t h a t  a r e  v e r y  u n f a v o u r a b l e  t o  i t .  T h u s  f r e e  a t m o s p h e r i c  o x y g e n ,  
f o r  i n s t a n c e ,  i s  e v e n t u a l l y  f a t a l  t o  h u m i c  o r  o t h e r  o r g a n i c  c o m p l e x e s  o f  
m a n y  m e t a l s ,  n o t a b l y  i r o n .  
O t h e r  n o t a b l e  R u s s i a n  p u b l i c a t i o n s  f r o m  t h i s  p e r i o d  i n c l u d e  g e n e r a l  
a r t i c l e s  o r  r e v i e w s  t h a t  s u n u n a r i z e  a s p e c t s  o f  h y d r o g e o c h e m i c a l  p r o s p e c t i n g  
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/ 4 9 7 - 8 ,  7 1 0 /  a n d  d i s c u s s i o n s  o f  p r o c e d u r e s  f o r  s a m p l e  c o l l e c t i o n ,  
a n a l y s i s  a n d  i n t e r p r e t a t i o n ,  i n c l u d i n g  t h e  c o n s t r u c t i o n  o f  h y d r o g e o -
c h e m i c a l  m a p s  / 4 9 9 - 5 0 3 ,  5 3 4 / .  
G i n z b u r g ' s  t e x t  ( 1 9 5 7 / 5 5 / ,  E n g l i s h  t r a n s l a t i o n  1 9 6 0 )  i s  o f  c o u r s e  
t h e  m o s t  i m p o r t a n t  p u b l i c a t i o n  o f  t h i s  p e r i o d  a n d  r e m a i n s  a  s t a n d a r d  
t e x t  f o r  t h e  h y d r o g e o c h e m i c a l  p r o s p e c t o r .  H i s  d i s c u s s i o n s  r a n g e  o v e r  
a  v e r y  b r o a d  a r r a y  o f  t o p i c s  o f  i n t e r e s t  a n d  i n c l u d e  t w o  c h a p t e r s  d e v o t e d  
e n t i r e l y  t o  t h e  u s e  o f  n a t u r a l  w a t e r s  i n  g e o c h e m i c a l  e x p l o r a t i o n .  
K r a s n i k o v  ( 1 9 5 7 / 5 3 5 / )  e d i t e d  a  v o l u m e  o n  g e o c h e m i c a l  p r o s p e c t i n g  t h a t  
i n c l u d e d  o b s e r v a t i o n s  a b o u t  g r o u n d w a t e r  h y d r o g e o c h e m i s t r y  b u t  t h e  
b o o k  w a s  n o t  t r a n s l a t e d  i n t o  E n g l i s h .  
4 . 3 5  E A S T E R N  C O U N T R I E S  O T H E R  T H A N  T H E  S O V I E T  U N I O N  
V e r y  l i t t l e  o f  t h e  l i t e r a t u r e  o f  g r o u n d w a t e r  h y d r o g e o c h e m i c a l  
e x p l o r a t i o n  t h a t  w a s  p u b l i s h e d  b e t w e e n  1 9 5 5  a n d  1 9 5 7  i n  E a s t e r n  c o u n t r i e s  
o t h e r  t h a n  t h e  S o v i e t  U n i o n  i s  a v a i l a b l e  i n  E n g l i s h ,  F u k u o  a n d  O h t s u k a  
( 1 9 5 5 / 1 1 2 0 / )  m e a s u r e d  t h e  s u l p h a t e  c o n t e n t s  o f  r i v e r ,  s p r i n g  a n d  w e l l  
w a t e r s  i n  t h e  N o t o  P e n i n s u l a  o f  J a p a n .  T h e y  f o u n d  t h a t  t h e  d i s t r i b u t i o n  
a n d  a b u n d a n c e  o f  t h i s  i o n  w a s  c l o s e l y  c o r r e l a t e d  w i t h  t h e  o c c u r r e n c e  
o f  g y p s u m  b e d s  a n d  s u g g e s t e d  t h a t  t h e s e  f a c t s  b e  u s e d  f o r  " g e o c h e m i c a l  
p r o s p e c t i n g  o f  g y p s u m " .  
4 . 3 6  T H E  W E S T  :  N O N - R A D I O A C T I V E  O R E S  
D u r i n g  1 9 5 5 - 7  W e s t e r n  p u b l i c a t i o n s  o n  g r o u n d w a t e r - p r o s p e c t i n g  f o r  
e l e m e n t s  o t h e r  t h a n  u r a n i u m  w e r e  p r e d o m i n a n t l y  f r o m  N o r t h  A m e r i c a .  
B o y l e  a n d  c o - w o r k e r s  ( 1 9 5 5 - 6 / 5 2 7 ,  8 1 9 / )  s t u d i e d  h e a v y  m e t a l  a n o m a l i e s  
i n  t h e  w a t e r s  o f  s p r i n g s  a n d  s t r e a m s  i n  Y u k o n  T e r r i t o r y ,  C a n a d a .  T h e y  
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d e m o n s t r a t e d  t h a t  t h e  l i b e r a t i o n  o f  d i s s o l v e d  m e t a l s  i n t o  g r o u n d w a t e r  
w a s  f a v o u r e d  b y  f r a c t u r i n g  o r  s h e a r i n g  o f  t h e  o r e  a n d  h o s t  r o c k s  a n d  
t h a t  d i s r u p t e d ,  d i s s e m i n a t e d  o r  p e r m e a b l e  o r e s  t e n d  t o  s h o w  s t r o n g e r  
h y d r o g e o c h e m i c a l  a n o m a l i e s  t h a n  t h o s e  a s s o c i a t e d  w i t h  c o m p a c t ,  m a s s i v e  
o r e s  o f  e q u i v a l e n t  m a s s  a n d  g r a d e .  
Z i n c  i s  t h e  p r i n c i p a l  h e a v y  m e t a l  i n  t h e  s p r i n g  w a t e r s  o f  t h e  
l e a d - z i n c - s i l v e r  p r o v i n c e  o f  G a l e n a  H i l l - M o u n t  H a l d a n e .  S o m e  P b  a n d  
C u  a r e  e n c o u n t e r e d  i n  w a t e r s  i s s u i n g  f r o m  r o c k s  i n  t h e  v i c i n i t y  o f  
o r e  s h o o t s  c o n t a i n i n g  g a l e n a ,  s p h a l e r i t e  a n d  f r e i b e r g i t e .  T h e  p H  o f  
t h e  w a t e r s  i n  t h i s  r e g i o n  w a s  n e a r l y  7  a n d  t h e  t e m p e r a t u r e s  w e r e  2 - 4 ° C .  
Z i n c  c o n c e n t r a t i o n s  o f  a s  m u c h  a s  8 0  m g / 1  w e r e  f o u n d ,  b u t  [ C u ]  a n d  [ P b ]  
d i d  n o t  e x c e e d  1  m g / 1 .  T h e  a n o m a l o u s  s p r i n g  w a t e r s  w e r e  r e l a t e d  t o  
o x i d i z e d  o r e  b o d i e s  w i t h i n  G a l e n a  H i l l  a n d  w e r e  t h o u g h t  t o  h a v e  d r a i n e d  
t o w a r d s  t h e  e y e s  o f  t h e  s p r i n g s  v i a  m i n e  w o r k i n g s ,  f r a c t u r e s  a n d  f a u l t s .  
I f  t h e  m o v i n g  w a t e r  d r a i n s  t h r o u g h  a n  a p p r e c i a b l e  t h i c k n e s s  o f  s u r f a c e  
m u s k e g  b e f o r e  e m e r g i n g ,  t h e n  t h e  z i n c  c o n t e n t  i s  r a d i c a l l y  d i m i n i s h e d .  
A s  u s u a l ,  z i n c  w a s  m o r e  m o b i l e  a n d  a  b e t t e r  p a t h f i n d e r  t h a n  e i t h e r  c o p p e r  
o r  l e a d .  T h e  a u t h o r s  e m p h a s i z e  t h e  i m p o r t a n c e  o f  l o c a t i n g  " i r o n  s p r i n g s "  -
i . e .  t h o s e  p r e c i p i t a t i n g  F e / M n  h y d r o x i d e s - s i n c e .  t h e s e  a r e  o f t e n  v e r y  
i m p o r t a n t  i n d i c a t i o n s  o f  m i n e r a l i z a t i o n  i n  t h e  v i c i n i t y .  I t  m u s t  b e  
r e m e m b e r e d ,  h o w e v e r ,  t h a t  d i s p l a c e d  a n o m a l i e s  a r e · a  c o m m o n  o c c u r r e n c e  i n  
f a u l t e d  r o c k s .  S p r i n g  w a t e r s  ~ay r e a c h  t h e  s u r f a c e  v i a  d e v i o u s  p a t h s ,  
f o r  e x a m p l e  a l o n g  f r a c t u r e s  t h a t  a r e  n o t  d i r e c t l y  r e l a t e d  t o  t h e  o r e  l o d e .  
A  u s e f u l  g e n e r a l  o b s e r v a t i o n  i s  t h a t ,  u n l e s s  t h e  c i r c u m s t a n c e s  a r e  v e r y  
p e c u l i a r ,  t h e  s p r i n g s  a l w a y s  i s s u e  b e l o w  t h e  t o p o g r a p h i c  l e v e l  o f  t h e  
o r e b o d y .  F a l s e  a n o m a l i e s  m a y  b e  c a u s e d  b y  d i s s e m i n a t e d  m i n e r a l i z a t i o n  
a n d  t h e r e  a p p e a r s  t o  b e  n o  h y d r o g e o c h e m i c a l  m e t h o d  o f  t e l l i n g  w h e n  t h i s  
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~s t h e  c a s e .  D e s p i t e  t h e  p a r t i a l  p e r m a f r o s t  c o n d i t i o n s  t h a t  p r e v a i l  
i n  t h i s  r e g i o n ,  t h e  h y d r o g e o c h e m i c a l  m e t h o d  w o r k s  v e r y  w e l l  a n d  f e w  
o f  t h e  l o d e s  a r e  p r e m a n e n t l y  " f r o z e n  i n " .  A  m o r e  s e r i o u s  l i m i t a t i o n  i s  
p e r h a p s  c o n t a m i n a t i o n ,  f o r  i n  s o m e  a r e a s  t h e  m e t a l  c o n t e n t  o f  spr~ng 
w a t e r s  h a s  b e e n  a b n o r m a l l y  e n h a n c e d  b y  m i n i n g .  S e v e r a l  n e w  a n o m a l i e s  
w e r e  n o t e d  i n  t h i s  a r e a ,  a n d  t h e s e  w e r e  r e g a r d e d  a s  b e i n g  w e l l  w o r t h y  
o f  a t t e n t i o n .  
R e s u l t s  s i m i l a r  t o  t h o s e  d e s c r i b e d  a b o v e  w e r e  o b t a i n e d  i n  t h e  
a d j a c e n t  K e n o  H i l l - G a l e n a  H i l l  a r e a .  Z i n c  a n d  s u l p h a t e  a r e  t h e  m a i n  
p a t h f i n d e r s .  D e e p l y  d r a w i n g  s p r i n g s  g e n e r a l l y  g i v e  b e t t e r  h e a v y  m e t a l  
a n o m a l i e s  t h a n  t h o s e  o f  s h a l l o w e r  o r i g i n  a n d  u s u a l l y  h a v e  h i g h e r  T D S .  
C e r t a i n  w a t e r s  w i t h  h i g h  T D S ,  [ M n ]  a n d  [ F e ]  a r e  r e l a t e d  t o  m i n e  w o r k i n g s  
a n d  d e e p  o r e  l o d e s .  T h e  r e l a t i v e l y  d i l u t e  w a t e r s  o f  s h a l l o w e r  s p r i n g s  
m a y  h a v e  h i g h  z i n c  c o n t e n t s  i f  t h e y  c o m e  i n t o  c o n t a c t  w i t h  t h e  u p p e r  
p o r t i o n s  o f  o r e  v e i n s .  S e v e r a l  a n o m a l i e s  w e r e  n o t e d  i n  t h e  a r e a ,  s o m e  
r e l a t e d  t o  k n o w n  o c c u r r e n c e s  o f  s u l p h i d e s  a n d  o t h e r s  a t t r i b u t a b l e  t o  
u n k n o w n  c a u s e s .  N o t  a l l  o f  t h e  k n o w n  o r e b o d i e s  a r e  a s s o c i a t e d  w i t h  
a n o m a l o u s  s p r i n g s .  I n  a t  l e a s t  o n e  c a s e  s p r i n g  w a t e r s  g a v e  a n o m a l i e s  
w h i l e  t h e  a s s o c i a t e d  s t r e a m  w a t e r s  d i d  n o t .  
S a m p l i n g  o f  s p r i n g  w a t e r s  a n d  g r o u n d w a t e r  s e e p a g e  p l a y e d  a  m~nor 
r o l e  i n  a  v e r y  s u c c e s s f u l  p r o s p e c t i n g  c a m p a i g n  i n  N e w  B r u n s w i c k  b e t w e e n  
1 9 5 2  a n d  1 9 5 4  ( H a w k e s  e t  a l .  1 9 5 6 / 5 3 1 / ) .  
C o n v e r s e l y ,  a  s t u d y  b y  K e n n e d y  ( 1 9 5 6 / 5 2 0 / )  s e r v e d  t o  e m p h a s i z e  
t h e  u n f o r t u n a t e  b u t  i n e l u c t a b l e  f a c t  t h a t  g r o u n d w a t e r  p r o s p e c t i n g  m a y  
b e  q u i t e  u s e l e s s  i n  m a n y  c a s e s  w h e r e  s u l p h i d e  o r e b o d i e s  a r e  n o t  e x p o s e d  
t o  o x i d a t i o n ,  f o r  i n s t a n c e  i n  d e e p  l o d e s  b e l o w  t h e  z o n e  o f  w e a t h e r i n g  
.  
o r  p e r h a p s  s h u t  o f f  b y  a  h i g h  w a t e r  t a b l e .  H e  f o u n d  t h a t  t h e  w a t e r s  
6 0 .  
f r o m  d r i l l  h o l e s  i n  a  d e e p ,  u n d e v e l o p e d  z i n c  s u l p h i d e  b o d y  i n  s o u t h -
- w e s t e r n  W i s c o n s i n  w e r e  n o t  a n o m a l o u s  i n  z i n c ,  e v e n  t h o u g h  s p r i n g  w a t e r s  
i s s u i n g  f r o m  t h e s e  d e p o s i t s  c o n t a i n e d  a s  m u c h  a s  5 0  ~g/1 h e a v y  m e t a l s .  
H e  d e m o n s t r a t e d  t h a t  t h e  s t a b i l i t y  o f  h e a v y  m e t a l s  i n  s p r i n g  w a t e r s  o f  
t h e  P o t o s i  a r e a  ( W i s c o n s i n )  w a s  p H  s e n s i t i v e  a n d  t h a t  t h e  m e t a l s  w e r e  
r a p i d l y  p r e c i p i t a t e d  a s  t h e  p H  r o s e  i n  t h e  s t r e a m s  f e d  b y  t h e  s p r i n g  
w a t e r s .  K e n n e d y ' s  s t u d i e s  i n  W i s c o n s i n  c o n f i r m e d  t h e  i m p o r t a n c e  o f  z i n c  
i n  g r o u n d w a t e r  h y d r o g e o c h e m i c a l  p r o s p e c t i n g  f o r  s u l p h i d i c  o r e s .  
C a n n o n  ( 1 9 5 5 / 3 9 8 / )  s h o w e d  t h a t  d i s s e m i n a t e d  z i n c  ( s p h a l e r i t e )  i n  
t h e  L o c k p o r t  d o l o m i t e  w a s  t r a n s f e r r e d  v i a  t h e  m e d i u m  o f  g r o u n d w a t e r s  a n d  
s p r i n g  w a t e r s  t o  t h e  n e a r b y  M a n n i n g  b o g  ( N e w  Y o r k  S t a t e ) ,  w h e r e  t h e  m e t a l  
w a s  i m m e d i a t e l y  i m m o b i l i s e d  b y  p e a t  a n d o r g a n i c  m u c k * ,  w h i c h  c o n t a i n e d  m o r e  
t h a n  1 0 %  Z n  ( d r y  w e i g h t )  i n  s o m e  p l a c e s .  E r m e n g e n  ( 1 9 5 7 / 5 2 9 / )  r e p o r t e d  
s i m i l a r  f i n d i n g s .  
D u r i n g  t h e  p e r i o d  r e v i e w e d  h e r e  t h e r e  a r e  b u t  f e w  A m e r i c a n  p a r a l l e l s  
t o  t h e  S o v i e t  a t t e m p t s  t o  l u m p  t o g e t h e r  d a t a  a n d  d r a w  s t a t i s t i c a l  c o n -
e l u s i o n s  a b o u t  t h e  n a t u r e  a n d  c o m p o s i t i o n  o f  g r o u n d w a t e r s  s a m p l e d  i n  
I  
m i n e r a l  e x p l o r a t i o n .  O n e  e x a m p l e  i s  t h e  w o r k  o f  G i l l  a n d  D e n s o n  ( 1 9 5 7 / 5 3 2 / )  
w h o  p r e s e n t e d  a  u s e f u l  c o m p e n d i u m  o f  w a t e r  a n a l y s e s  f r o m  M o n t a n a  a n d  t h e  
D a k o t a  s t a t e s .  
H a w k e s '  " P r i n c i p l e s  o f  G e o c h e m i c a l  P r o s p e c t i n g "  /53/~ w h i c h  c a n  b e  
r e g a r d e d  a s  a n  A m e r i c a n  p a r a l l e l  t o  G i n z b u r g ' s  b o o k  / 5 5 / ,  i s ,  i n  t e r m s  o f  
h y d r o g e o c h e m i c a l  p r o s p e c t i n g  a t  l e a s t ,  f a r  b e h i n d  t h e  S o v i e t  w o r k .  H a w k e s  
f a i l s  t o  b a c k  u p  m a n y  o f  h i s  c o n c l u s i o n s  w i t h  d a t a  o r  l i t e r a t u r e  r e f e r e n c e s ,  
b u t  h e  d o e s  d r a w  s o m e  u s e f u l  g e n e r a l  c o n c l u s i o n s .  U n l i k e  t h e  S o v i e t s ,  h e  
*  T h i s  w a s  n o t  a  n e w  d i s c o v e r y .  S t a k e r  a n d  C u m m i n g s  ( 1 9 4 1 / 5 3 0 / )  a n d  
F o r r e s t e r  ( 1 9 4 2 / 3 9 9 / )  h a d  r e p o r t e d  e s s e n t i a l l y  s i m i l a r  r e s u l t s .  
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i s  n o t  t o , o  e n t h u s i a s t i c  a b o u t  t h e  p o s s i b i l i t i e s  o f  g r o u n d w a t e r  h y d r o -
g e o c h e m i c a l  p r o s p e c t i n g  b u t  c o n c e d e s  t h a t  c o n s i d e r a b l e  m a s s e s  o f  c e r t a i n  
e l e m e n t s  s u c h  a s  Z n  a n d  C o  d o  m o v e  i n  g r o u n d w a t e r s  e i t h e r  i n  s o l u t i o n  
o r  c o l l o i d a l  s u s p e n s i o n .  H e  b l a m e s  c o n t a m i n a t i o n  f o r  t h e  p o o r  s u c c e s s  
r a t e  e n j o y e d  b y  w e l l  a n d  b o r e h o l e  s a m p l i n g  p r o j e c t s  a n d  s u g g e s t s  t h a t  
s p r i n g  w a t e r  s a m p l i n g  m a y  p r o v e  t o  b e  m o r e  s u c c e s s f u l ,  b e c a u s e  c o n t a m i n a t i o n  
p r o b l e m s  a r e  g r e a t l y  r e d u c e d  a n d  b e c a u s e  s p r i n g  w a t e r  i s  g e n e r a l l y  d r a w n  
f r o m  n e a r  t h e  w a t e r  t a b l e ,  w h e r e  o x i d a . t i o n  i s  a t  a  m a x i m u m ,  H a w k e s  i s  
m o r e  s p e c i f i c  a b o u t  p r a c t i c a l  p r o c e d u r e s  i n  g r o u n d w a t e r  s a m p l i n g  t h a n  
G i n z b u r g  i s .  H e  n o t e s  t h e  e a s e  w i t h  w h i c h  t h e  t r a c e  e l e m e n t  c o n c e n t r a t i o n s  
o f  w a t e r  s a m p l e s  c a n  b e  ~ltered b y  c o n t a m i n a t i o n  o r  r e m o v a l  o f  i o n s  b y  
p r e c i p i t a t i o n ,  a d s o r p t i o n  a n d  o t h e r  p h e n o m e n a ,  a n d  r e c o m m e n d s  t h a t  s a m p l e s  
b e  a c i d i f i e d  i m m e d i a t e l y  a f t e r  c o l l e c t i o n  t o  m i n i m i z e  t h i s  l a s t  p r o b l e m .  
B o r o s i l i c a t e  g l a s s  o r  p l a s t i c  c o n t a i n e r s  a r e  r e c o m m e n d e d ,  b u t  h e  m a k e s  
t h e  r e g r e t t a b l e  c l a i m  t h a t  " P o l y e t h y l e n e  b o t t l e s  . . . . .  a r e  .  ,  . . .  f r e e  o f  
c o n t a m i n a t i o n " .  
F e w  i m p o r t a n t  p u b l i c a t i o n s  a p p e a r e d  a t  t h i s  t i m e  i n  W e s t e r n  c o u n t r i e s  
o u t s i d e  N o r t h  A m e r i c a .  A  n o t a b l e  e x c e p t i o n  i s  S c h o e l l e r ' s  w o r k  o n  t h e  
g e o c h e m i s t r y  o f  s u b t e r r a n e a n  w a t e r s  ( 1 9 5 5 / 6 6 3 / ) .  A l t h o u g h  h e  w a s  c o n -
c e r n e d  p r i n c i p a l l y  w i t h  o i l f i e l d  w a t e r s ,  h i s  g r a p h i c a l  m e t h o d s  a n d  
h y d r o c h e m i c a l  o b s e r v a t i o n s  h a v e  b e e n  w i d e l y  a d o p t e d  i n  h y d r o g e o c h e m i c a l  
e x p l o r a t i o n .  
K a u r a u n e ' s  a c c o u n t  ( 1 9 5 5 / 1 1 1 9 / )  o f  h y d r o g e o c h e m i c a l  p r o s p e c t i n g  f o r  
C u  a n d  Z n  i n  n o r t h e r n  N o r w a y  i s  n o t a b l e  f o r  i t s  a s s e s s m e n t  o f  e r r o r s  
c a u s e d  b y  t h e  i o n - e x c h a n g e  c a p a c i t y  o f  t h e  p l a s t i c  s a m p l i n g  b o t t l e s  u s e d .  
L e u t w e i n  ( 1 9 5 7 / 1 0 1 9 / )  s h o w e d  t h a t  t h e  a n a l y s i s  o f  g r o u n d w a t e r s  c o u l d  
I  
b e  u s e d  f o r  f i n d i n g  b i s m u t h  o r e s .  
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F i n a l l y ,  b r i e f  m e n t i o n  m u s t  b e  m a d e  o f  a  p u b l i c a t i o n  b y  F e r r i s  a n d  
S a y r e  ( 1 9 5 5 / 6 2 7 / ) ,  w h i c h  c o n t a i n s  m a n y  r e f e r e n c e s  t o  e a r l y  p u b l i c a t i o n s  
t h a t  a r e  o f  i m p o r t a n c e  i n  t h e  d e v e l o p m e n t  o f  t h e  s c i e n t i t i c  p r i n c i p l e s  
o f  h y d r o g e o c h e m i s t r y .  T h e s e  a u t h o r s  a l s o  p r e d i c t e d  c o r r e c t l y  t h a t  t h e  
n i n e t e e n - s i x t i e s  w o u l d  w i t n e s s  a n  u n p r e c e d e n t e d  g r o w t h  o f  q u a n t i t a t i v e  
i n v e s t i g a t i o n s  i n  a l l  b r a n c h e s  o f  h y d r o g e o c h e m i s t r y .  
4 . 3 7  U R A N I U M  :  M I G R A T I O N  A N D  A C C R E T I O N  
A f t e r  1 9 5 5  t h e r e  o c c u r r e d  a  w o r l d w i d e  s u r g e  i n  t h e  n u m b e r  o f  p u b -
l i c a t i o n s  o n  h y d r o g e o c h e m i c a l  p r o s p e c t i n g  f o r  uranium~, m a i n l y  i n  s u r f a c e  
w a t e r s  ( e . g .  / 7 0 2 / ) ,  b u t  a l s o  i n  s u b t e r r a n e a n  w a t e r s .  T h e  e n t h u s i a s m  
w i t h  w h i c h  t h i s  t e c h n i q u e  w a s  a d o p t e d  i n  b o t h  t h e  E a s t  a n d  t h e  W e s t  i s  
i l l u s t r a t e d  b y  t h e  f o l l o w i n g  q u o t a t i o n s :  
" W a t e r  s a m p l i n g  o f  b o t h  g r o u n d  w a t e r  a n d  s u r f a c e  s t r e a m s  s h o w s  t h a t  
f a v o u r a b l e  u r a n i u m  f o r m a t i o n s  a n d  d i s t r i c t s  c a n  b e  o u t l i n e d  b y  t h i s  m e t h o d "  
( U n i t e d  S t a t e s  A t o m i c  E n e r g y  C o m m i s s i o n  1 9 5 6 / 6 3 6  p .  7 5 3 / ) .  
"  • . • . •  h y d r o g e o c h e m i c a l  m e t h o d s  ( o f  p r o s p e c t i n g  f o r  u r a n i u m ) ,  b e c a u s e  
o f  t h e  d e e p  p e n e t r a t i o n  b y  w a t e r  u n d e r g r o u n d  f a r  b e l o w  t h e  i n s t r u m e n t a l  
z o n e ,  a l s o  c a n  b e  u s e d  i n  s o m e  p l a c e s  w h e r e  o t h e r  m e t h o d s  f a i l "  ( F i x  
1 9 5 6 / 5 4 1  p .  7 8 8 / ) .  
" T h e  h y d r o g e o c h e m i c a l  m e t h o d  i s  u s e d  a s  t h e  p r i m a r y  m e t h o d  o f  e x p l o r i n g  
u n f a m i l i a r  t e r r i t o r i e s "  ( i n  t h e  U . S . S . R . ,  f o r  u r a n i u m )  ( V i n o g r a d o v  1 9 5 6 / 6 3 7  
p .  8 2 4 / ) .  
~ R e a d e r s  i n t e r e s t e d  i n  t h e  e a r l y  ( p r e - 1 9 5 5 )  d e v e l o p m e n t  o f  t h i s  s u b j e c t  i n  
t h e  W e s t  c a n  c o n s u l t  t h e  f o l l o w i n g  p i o n e e r i n g  r e f e r e n c e s :  / 5 0 7 - 9 ,  5 1 3 - 1 7 / .  
V e r y  l i t t l e  o f  t h e  e a r l i e s t  S o v i e t  w o r k  h a s  b e e n  t r a n s l a t e d ,  b u t  a n  i m p o r t a n t  
r e v i e w  i n  E n g l i s h  o f  t h e  o r i g i n s  o f  u r a n i u m  h y d r o g e o c h e m i s t r y  i n  t h e  U . S . S . R .  
h a s  b e e n  g i v e n  b y  S t a r i k  e t  a l .  / 1 1 2 1 / .  P r e l i m i n a r y  w o r k  o n  u r a n i u m  h y d r o -
g e o c h e m i s t r y  b e g a n  i n  1 9 4 1 ,  a n d  l a r g e  s c a l e  r e g i o n a l  s u r v e y s  w e r e  m a d e  
b e t w e e n  1 9 4 8  a n d  1 9 5 8 .  
~ 
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T h e  e f f i c a c y  o f  t h e  h y d r o g e o c h e m i c a l  m e t h o d  f o r  l o c a t i n g  u r a n i u m  
d e p o s i t s  i s  d u e  l a r g e l y  t o  t h e  u n i q u e  s e c o n d a r y  m o b i l i t y  o f  t h i s  e l e m e n t .  
B e t w e e n  1 9 5 5  a n d  1 9 5 7  m a n y  a u t h o r s  / 5 2 8 - 4 6 ,  6 3 7 ,  1 0 9 5 /  s h o w e d  t h a t  u r a n i u m  
c o u l d  b e c o m e  m o b i l e  u n d e r  a l k a l i n e  o x i d i z i n g  c o n d i t i o n s  i n  t h e  f o r m  o f  
+ +  4 - 2 -
s p e c i e s  s u c h  a s  U 0
2  
,  U 0
2
( C 0 3 )
3  
o r  U 0 2 ( C 0 3 )
2  
,  a n d  t h a t  c o n s e q u e n t l y  
t h e  a n a l y s i s  o f  U  i n  f r e s h  w a t e r s  i s  a  p o w e r f u l  r e c o n n a i s s a n c e  m e t h o d .  
B l a k e  ( 1 9 5 5 / 5 9 8 / )  i n v e s t i g a t e d  t h e  l a t t e r  t w o  c o m p l e x  i o n s  a n d  f o u n d  
t h a t  t h e y  w e r e  s t a b l e  a b o v e  p H  7 , 0  a s  a l k a l i  o r  a l k a l i n e  e a r t h  u r a n y l  
c a r b o n a t e s * .  S h c h e r b i n a  / 7 7 5 /  s t a t e d  t h a t  n t h e  p r e s e n c e  i n  n a t u r e  o f  
t h e  c o m p l e x  c a r b o n a t e s  o f  h e x a v a l e n t  u r a n i u m  • • • • .  i s  c o n v i n c i n g  p r o o f  
o f  s u p e r g e n e  m i g r a t i o n  o f  u r a n i u m i n  t h e  f o r m  o f  N a
4
( U 0 2 ( C 0
3
) 3 ) n ( p . 4 9 1 ) .  
S t a r i k  a n d  K a l i a d i n  ( 1 9 5 7 / 6 8 5 / )  s h o w e d  e x p e r i m e n t a l l y  t h a t  t h e  r a t e  o f  
l o s s  o f  u r a n i u m  f r o m  n a t u r a l  s o l u t i o n s  w a s  r e d u c e d  b y  h i g h  v a l u e s  o f  p H  
a n d  [ H c o 3 ] .  A d d i t i o n a l  c o n f i r m a t i o n  o f  t h e  i m p o r t a n c e  o f  t h e  c a r b o n a t e  
a n d  b i c a r b o n a t e  i o n s  i n  t h e  m o b i l i z a t i o n  o f  u r a n i u m  i n  n a t u r a l  w a t e r s  ~s 
w e l l  d o c u m e n t e d  / e . g .  6 8 6 - 8 / .  T h a t c h e r  a n d  B a r k e r  / 6 3 8 /  d e m o n s t r a t e d  
t h a t ,  i n  a d d i t i o n  t o  b i c a r b o n a t e  i o n ,  s u l p h a t e  a n d  c h l o r i d e  i o n s  a l s o  
t e n d  t o  s t a b i l i z e  d i s s o l v e d  u r a n i u m  i n  t h e  f o r m  o f  c o m p l e x e s .  E x p e r i m e n t  
h a s  s h o w n  t h a t  u r a n i u m  c o u l d  a l s o  e x i s t  a s  a  s o l u b l e  o r g a n i c  c o m p l e x  b e l o w  
p H  2 , 2  t o  2 , 1 8  ( B r e g e r  a n d  c o - w o r k e r s ,  1 9 5 5 / 5 7 9 ,  5 8 8 / ) .  B u t  w h a t e v e r  f o r m  
i t  m i g h t  t a k e ,  n t h e  m o b i l i t y  o f  t h e  u r a n y l  i o n  i s  v e r y  h i g h  a n d  h e n c e  i t s  
d i r e c t  d e t e c t i o n  h o l d s  p r o m i s e  f o r  l o c a t i n g  o r e  d e p o s i t s n  ( U n i t e d  S t a t e s  
A t o m i c  E n e r g y  C o m m i s s i o n  / 6 3 6  p .  7 5 3 / ) .  
*  T h e  U ( I V )  i o n  i s  n o t  k n o w n  t o  f o r m  c a r b o n a t e  c o m p l e x e s ,  a n d  t h i s  m a y  
e x p l a i n  w h y  t h e  u r a n o u s  i o n  ( a n d  a l s o  R a  a n d  P h )  a r e  m o r e  s l o w l y  e l u t r i a t e d  
b y  a c i d i c  s o l u t i o n s  t h a n  i s  U ( V I )  / 5 7 7 / .  T h e  f o l l o w i n g  r e f e r e n c e s  d e a l  
e x h a u s t i v e l y  w i t h  t h e  s o l u t i o n  a n d  c a r b o n a t e  c h e m i s t r y  o r  u r a n i u m :  / 6 8 7 - 8 ,  
7 5 0 - 4 ,  7 5 6 - 6 3 / .  
i •  
6 4 .  
T h e  s e c o n d  f a c t o r  t h a t  f a v o u r s  t h e  a p p l i c a t i o n  o f  h y d r o g e o c h e m i c a l  
m e t h o d s  i n  t h e  s e a r c h  f o r  u r a n i u m  i s  t h e  r e a d y  s o l u b i l i t y  o f  m a n y  c o m m o n  
u r a n i u m - b e a r i n g  m i n e r a l s .  B r o w n  a n d  S i l v e r *  ( 1 9 5 5 - 5 6 / 6 1 8 ,  6 9 7 / ) ,  f o r  
e x a m p l e  d e m o n s t r a t e d  t h a t  u p  t o  4 0 %  o f  t h e  U  ( a n d  4 2 %  o f  t h e  T h )  i n  s o m e  
i g n e o u s  r o c k s  w e r e  r e a d i l y  s o l u b i l i z e d  b y  w e a k  a c i d s .  
T h e  t h i r d  i m p o r t a n t  p h e n o m e n o n  t h a t  c h a r a c t e r i z e s  t h e  u n i q u e  b e h a v i o u r  
o f  a q u e o u s  u r a n i u m  i s  t h e  f a c t  t h a t ,  u n d e r  t h e  a p p r o p r i a t e  r e s p e c t i v e  c o n -
d i t i o n s ,  t h e  e l e m e n t  i s  i m m o b i l i s e d  w i t h  t h e  s a m e  a l a c r i t y  w i t h  w h i c h  i t  
i s  s o l u b i l i z e d .  U n l i k e  m o s t  e l e m e n t s  t h a t  a r e  c o m m o n l y  a s s o c i a t e d  w i t h  
s u l p h i d i c  o r e s  a n d  t h a t  a r e  g e n e r a l l y  i r r e v e r s i b l y  d i s p e r s e d  w h e n  s u c h  
o r e s  a r e  w e a t h e r e d ,  u r a n i u m  h a s  t h e  a b i l i t y  t o  d i s s o l v e  i n t o  g r o u n d w a t e r ,  
m i g r a t e  a n d ,  u n d e r  s u i t a b l e  c o n d i t i o n s ,  r e p r e c i p i t a t e  i n  e c o n o m i c a l l y  
a t t r a c t i v e  c o n c e n t r a t i o n s .  T h i s  p r o c e s s  o f  " m u l t i p l e  m i g r a t i o n - a c c r e t i o n "  
( G r u n e r  / 5 6 8 / ) * *  w a s  i n t e n s i v e l y  d o c u m e n t e d  b e t w e e n  1 9 5 5  a n d  1 9 5 7 / 5 6 4 - 7 3  
*  c f .  t h e  e a r l i e r  w o r k  o f  L a r s e n  a n d  P h a i r  ( 1 9 5 4 / 6 3 1 / )  a n d  H u r l e y  ( 1 9 5 0 / 6 1 7 / )  
* *  H I S T O R I C A L  N O T E :  T h i s  t h e o r y  o f  m i g r a t i o n  i n  g r o u n d w a t e r  a n d  r e l o c a t i o n  
'  
o r  u r a n i u m  h a s  v e n e r a b l e  r o o t s ,  v i z :  ( i )  B u t l e r  e t  a Z .  1 9 2 0 / 5 5 1  p .  1 5 8 / ) :  
" T h e  d e p o s i t s  a r e  r e g a r d e d  a s  h a v i n g  b e e n  f o r m e d  b y  c i r c u l a t i n g  w a t e r s  t h a t  
c o l l e c t e d  t h e  m e t a l s  d i s s e m i n a t e d  t h r o u g h  t h e  s e d i m e n t a r y  r o c k s  a n d  d e p o s i t e d  
t h e m  o n  c o n t a c t  w i t h  c a r b o n a c e o u s  m a t e r i a l .  T h e  c i r c u l a t i o n  i n  s o m e  p l a c e s  
i s  b e l i e v e d  t o  h a v e  b e e n  o f  a r t e s i a n  c h a r a c t e r  a n d  t o  h a v e  b e e n  c o n t r o l l e d  
t o  a  l a r g e  e x t e n t  b y  s t r u c t u r a l  f e a t u r e s " .  ( i i )  L i n d g r e n  ( 1 9 3 3 / 5 5 2  p .  4 1 4 / ) :  
" i t  ( u r a n i u m )  h a s  b e e n  c o n c e n t r a t e d  w i t h  v a n a d i u m ,  b y  m e t e o r i c  w a t e r s ,  w h i c h  
d e r i v e d  t h e  m e t a l s  f r o m  t e r r i g e n o u s  s e d i m e n t s  r e s u i t i n g  f r o m  t h e  d i s i n t e -
g r a t i o n  o f  p r e - C a m b r i a n  i g n e o u s  r o c k s  a n d  p e g m a t i t e s " .  
S e e  a l s o  K o e b e r l i n  ( 1 9 3 ? / 5 5 3 / ) ,  F i s c h e r  ( 1 9 4 2 / 5 5 4 / )  a n d  m o r e  r e c e n t l y  ( 1 9 5 0  
t o  1 9 5 4 )  t h e  f o l l o w i n g  r e f e r e n c e s  d e s c r i b i n g  b o t h  f i e l d  s t u d i e s  / 5 5 0 ,  
5 5 5 - 6 3 ,  5 8 2 - 4 /  a n d  l a b o r a t o r y  e x p e r i m e n t s  / 5 7 7 ,  5 8 2 - 3 ,  5 9 3 ,  5 9 9 / .  T h e  
m i g r a t i o n - a c c r e t i o n  t h e o r y  m a y ,  o f  c o u r s e ,  n o t  b e  c o r r e c t  i n  s o m e  c a s e s ,  
o r  i t  m a y  b e  w h o l l y  w r o n g .  H e s s  / 6 7 1 /  p r o p o s e d  i n  1 9 2 2  t h a t  t h e  C o l o r a d o  
P l a t e a u  o r e s  a r e  h y d r o t h e r m a l  a n d  t h i s  t h e o r y  r e c e i v e d  n e w  s u p p o r t  i n  1 9 5 8  
f r o m  K e r r  / 6 7 2 /  a n d  G a b e l m a n  a n d  B o y e r  / 6 7 4 / .  O t h e r  m e c h a n i s m s  h a v e  a l s o  
b e e n  p r o p o s e d  / 6 7 2 / ,  f o r  e x a m p l e  a  s y n g e n e t i c  o r i g i n  / 6 7 3 / ,  b u t  t h i s  s e e m s  
i m p r o b a b l e  i n  v i e w  o f  i s o t o p i c  a g e s  o b t a i n e d  f o r  m a n y  o f  t h e s e  C o l o r a d o  
P l a t e a u - t y p e  o r e s  / 7 3 3 - 4 / .  
6 5 .  
5 7 8 - 8 1 ,  5 8 5 - 9 2 ,  5 9 5 - 7 ,  6 2 9 ,  6 9 2 - 3 ,  6 9 5 - 6 / .  A l t h o u g h  i t  c a n  b e  a r g u e d  
t h a t  t h e  c r e a t i o n  o f  o r e b o d i e s  i s  h a r d l y  t h e  d i r e c t  c o n c e r n  o f  t h e  
e x p l o r a t i o n  g e o c h e m i s t ,  s o m e  d i s c u s s i o n  o f  t h e  f o r m a t i o n  o f  s e c o n d a r y  
u r a n i u m  o r e s  i s  e s s e n t i a l  t o  a  p r o p e r  u n d e r s t a n d i n g  o f  t h e  h y d r o g e o c h e m i s t r y  
o f  t h i s  e l e m e n t .  
G r u n e r  ( / 5 6 8  p p .  4 9 6  a n d  5 1 3 / )  h a s  e l a b o r a t e d  a s  f o l l o w s :  " C o n c e n t r a t -
i o n  o f  l a r g e  d e p o s i t s  c o u l d  p r o c e e d  b y  s e v e r a l  s t a g e s  o f  o x i d a t i o n - s o l u t i o n -
- m i g r a t i o n - a c c r e t i o n ,  a  k i n d  o f  ' r e c y c l i n g '  a c t i o n  . . . . .  "  a n d  t h a t ,  g i v e n  
e n o u g h  t i m e ,  t h i s  p r o c e s s  · w i l l  " p r o d u c e  l a r g e  i n d i v i d u a l  o r e  c o n c e n t r a t i o n s  
b y  o r d i n a r y  g r o u n d w a t e r  l e a c h i n g " .  
K l e p p e r  a n d  W y a n t  / 6 3 2  p .  2 1 8 ,  6 3 3 / ,  w h i l e  d e s c r i b i n g  a c i d - s o l u b l e  
m i n e r a l s  d i s p e r s e d  i n  c e r t a i n  i g n e o u s  r o c k s ,  o b s e r v e d  t h a t  t h e  p r e s e n c e  
o f  " t h i s  a c i d - s o l u b l e  m a t e r i a l  . . . . .  h a s  s e v e r a l  i m p o r t a n t  i m p l i c a t i o n s .  
F i r s t ,  i t  s u g g e s t  t h a t  s i g n i f i c a n t  q u a n t i t i e s  o f  u r a n i u m  c a n  b e  l e a c h e d  
f r o m  i g n e o u s  r o c k s  b y  g r o u n d  w a t e r  a n d  p e r h a p s  l a t e r  b e  c o n c e n t r a t e d  a s  
s e c o n d a r y  d e p o s i t s  i n  c o a l  o r  o t h e r  s e d i m e n t a r y  r o c k s " .  
G i l l  a n d  M o o r e  ( 1 9 5 5 / 5 9 6 / )  s u g g e s t e d  t h a t  p e r c o l a t i n g  m e t e o r i t i c  
w a t e r s  d i s s o l v e d  b o t h  u r a n i u m  a n d  v a n a d i u m  f r o m  t h e  t u f f a c e o u s  A r i k a r e e  
f o r m a t i o n  ( M i o c e n e ,  S o u t h  D a k o t a )  a n d  r e d e p o s i t e d  t h e s e  e l e m e n t s  i n  a n  
u n d e r l y i n g  s a n d s t o n e ,  a l o n g  t h e  b a s e  o f  a  w a t e r  t a b l e  p e r c h e d  o n  b e n t o n i t e .  
S p r i n g  w a t e r s  f r o m  t h i s  p e r c h e d  w a t e r  t a b l e  y i e l d e d  f r o m  4 2  t o  1 7 2  v g U  a n d  
2 9 0  ~gV p e r  l i t r e .  T h e  w a t e r s  f r o m  f o r m a t i o n s  b e l o w  t h e  b e n t o n i t e  a r e  p o o r  
1 . n  u r a n i u m .  
T h e r e  h a s  b e e n  m u c h  t h e o r i z i n g  a n d  s p e c u l a t i o n  a n d  s o m e  e x p e r i m e n t a l  
w o r k  o n  t h e  c a u s e s  o f  t h i s  s e c o n d a r y  d e p o s i t i o n .  S e v e r a l  m e c h a n i s m s  m a y  
b e  r e s p o n s i b l e ,  f o r  e x a m p l e  r e a c t i o n  w i t h  o r g a n i c  m a t t e r  / 6 3 2 - 3 ,  7 3 1 ,  7 4 1 / ,  
r e a c t i o n  w i t h  i n o r g a n i c  d i s s o l v e d  s u b s t a n c e s  / 6 8 3 / ,  o r  c h a n g e s  i n  p H  / 5 7 9 / .  
6 6 .  
T h o m p s o n  a n d  K r a u s k o p f  / 5 6 6 /  e x p r e s s e d  t h e  b e l i e f  t h a t  s u c h  r e -
p r e c i p i t a t i o n  o f  u r a n i u m  c a n  o n l y  o c c u r  f r o m  s o l u t i o n s  s t r o n g e r  t h a n  
1 0  ~g/1 a n d  s t u d i e s  o f  s u l p h u r  i s o t o p e s  a s s o c i a t e d  w i t h  s o m e  s e c o n d a r y  
d e p o s i t s  s u g g e s t  t h a t  i n  m a n y  c a s e s  t h e  a g e n t  r e s p o n s i b l e  f o r  t h e  
r e p r e c i p i t a t i o n  w a s  p r o b a b l y  H
2
S  p r o d u c e d  b y  a n a e r o b i c  b a c t e r i a  ( J e n s e n  
1 9 5 7 / 5 6 7 / ) .  I n  1 9 5 6  S i m s  / 6 8 3 /  h a d  s h o w n  t h a t  e v e n  t r a c e s  o f  H
2
s  ( i n  
n a t u r a l  g a s e s )  c a u s e d  s i g n i f i c a n t  p r e c i p i t a t i o n  o f  u r a n i u m  f r o m  a q u e o u s  
s o l u t i o n s ,  e s p e c i a l l y  i n  t h e  p r e s e n c e  o f  F e + +  ( s e e  a l s o  / 5 6 8 / ) .  M i l l e r ' s  
.  / 7  4 /  d  .  1  .  6 +  4 +  
exper~ments 2  s h o w e  t h a t  organ~ca l y  der~ved H
2
s  r e d u c e s  U  t o  U  ,  
w h i c h  i s  t h e n  p r e c i p i t a t e d  a n d  a g e s  i n  t h e  f o l l o w i n g  s e q u e n c e :  
U O + +  +  U O ( O H )
2  
+  
u o
2  
L o v e r i n g  ( 1 9 5 5 / 5 7 5 / )  p r o p o s e d  a n  a l t e r n a t i v e  m e c h a n i s m  t h a t  m a y  o p e r a t e  
i n  s o m e  i n s t a n c e s  o f  o r e  f o r m a t i o n  b y  i m m o b i l i z a t i o n  o f  u r a n i u m  m i g r a t i n g  .  
i n  g r o u n d w a t e r s .  H e  n o t e s  t h a t  u r a n i u m  a s s o c i a t e d  w i t h  o x i d i z i n g  s u l p h i d e s *  
w i l l  e n t e r  t h e  g r o u n d w a t e r  a s  u r a n y l  s u l p h a t e  a n d  w i l l  m i g r a t e  t o g e t h e r  w i t h  
f e r r i c  s u l p h a t e  d e r i v e d  f r o m  t h e  w e a t h e r i n g  o r e .  
u o
3  
+  H
2
s o
4  
p H  ; ,
5  
u o ; +  +  so~ +  H
2
o  ,  
U p o n  n e u t r a l i s a t i o n  o f  t h e s e  a c i d  w a t e r s ,  t h e  f e r r i c  s u l p h a t e  i s  h y d r o l y z e d  
t o  c o l l o i d a l  h y d r a t e d  f e r r i c  o x i d e ,  w h i c h  c o - p r e c i p i t a t e s  t h e  u r a n i u m .  T h i s  
p o s t u l a t e d  m e c h a n i s m  w a s  s u c c e s s f u l l y  d u p l i c a t e d  i n  l a b o r a t o r y  e x p e r i m e n t s  
/ 5 6 8 ,  5 7 6 / .  
O n  t h e  o t h e r  h a n d ,  B r e g e r  e t  a Z .  / 5 7 9 /  h a v e - p o i n t e d  o u t  t h a t  a l k a l i n e  
u r a n y l  c a r b o n a t e s  i n  s o l u t i o n  a r e  s e n s i t i v e  t o  ( a n y  a c i d s ) .  F o r  e x a m p l e ,  
*  G r u t t  ( 1 9 5 7 / 6 8 0 / )  s h o w e d  t h a t  t h e  s o l u b i l i t y  o f  U  i n  s h a l l o w  s a n d s t o n e s  i s  
i n c r e a s e d  b y  t h e  p r e s e n c e  o f  d i s p e r s e d  p y r i t e ,  w h i c h  i s  o x i d i z e d  a n d  t h e r e b y  
i n c r e a s e s  g r o u n d w a t e r  a c i d i t y .  
.  ; t : .  
6 7 .  
s u c h  u r a n i u m  c o m p o u n d s ,  u p o n  e n c o u n t e r i n g  a c i d i c  l i g n i t e  b e d s ,  w i l l  
d e c o m p o s e  w i t h  t h e  f o r m a t i o n . o f  i n s o l u b l e  s o d i u m  a n d  u r a n y l  h u m a t e s .  
N a
4
( u o
2
) ( C 0
3
)
3  
+  6 H A  ~ 4 N a A  +  u o
2
A
2  
+  3 C 0
2  
+  3 H
2
0  
S h c h e r b i n a  a n d  I g n a t o v a  ( 1 9 5 6 / 6 4 8 / )  f e l t  t h a t  t h e  precipitatio~ o f  
s e c o n d a r y  u r a n i u m  m i n e r a l s  w a s  m o s t  p r o b a b l e  w h e n  t h e  c o n c e n t r a t i o n  o f  
u r a n i u m  i n  g r o u n d w a t e r s  e x c e e d e d  o n e  m i l l i g r a m  p e r  l i t r e  ( a  v a l u e  1 0 0  
t i m e s  g r e a t e r  t h a n  t h a t  p r o p o s e d  b y  T h o m p s o n  a n d  K r a u s k o p f  / 5 6 6 / )  a n d  
t h a t  t h e  o b s e r v e d  p r e c i p i t a t i o n  o f  s e c o n d a r y  c o m p o u n d s  s u c h  a s  p h o s p h a t e s  
w a s  " i n  a g r e e m e n t "  w i t h  m e a s u r e d  s o l u b i  1 i  t y  p r o d u c t s .  S h c h e r b i n a  ( 1 9 5 6 / 7 7 5 / )  
n o t e d  t h a t  c u
2
+  ( a n d  b y  i m p l i c a t i o n  p o s s i b l y  o t h e r  i o n s )  i s  a  p o w e r f u l  
a g e n t  f o r  t h e  p r e c i p i t a t i o n  o f  u r a n i u m  f r o m  i t s  c o m p l e x e s .  
4 . 3 8  U R A N I U M  :  C A S E - H I S T O R I E S  A N D  R E L A T E D  S T U D I E S  
T h e  v e r y  h i g h  m o b i l i t y  o f  u r a n i u m  u n d e r  c e r t a i n  o x i d i z i n g  c o n d i t i o n s  
/ 5 3 /  i s  c o n f i r m e d  b y  e m p i r i c a l  o b s e r v a t i o n s  o f  t h e  c o n c e n t r a t i o n  o f  
u r a n i u m  i n  v a r i o u s  n a t u r a l  w a t e r s ,  a n d  t h e  u b i q u i t o u s  c o n c u r r e n c e  o f  
u r a n i f e r o u s  r o c k s  a n d  u r a n i u m - r i c h  f o r m a t i o n a l  w a t e r s  i s  c e r t a i n l y  v e r y  
w e l l  e s t a b l i s h e d  t h r o u g h  c a s e  h i s t o r i e s  a n d  o t h e r  p r a c t i c a l  h y d r o g e o c h e m i c a l  
s t u d i e s .  M a n y  o f  t h e  a u t h o r s  m e n t i o n e d  i n  t h e  f o r e g o i n g  ( n o t a b l y  M u r p h y  
/ 5 4 8 / ,  W a l t o n  / 5 4 9 /  a n d  F i x  / 5 1 2 ,  5 4 1 / )  h a v e  o b s e r v e d  t h a t ,  a s  a  r u l e ,  
r e l a t i v e l y  h i g h  c o n c e n t r a t i o n s  o f  u r a n i u m  o c c u r  i n  s p r i n g  w a t e r s  i n  r e g i o n s  
i n  w h i c h  u r a n i u m  d e p o s i t s  a r e  l o c a t e d .  D e n s o n  a n d  h i s  c o - w o r k e r s  / 5 4 0 ,  5 4 7 /  
s h o w e d  t h a t  s p r i n g  w a t e r s  f r o m  a b n o r m a l l y  r a d i o a c t i v e  v o l c a n i c  r o c k s  
( e s p e c i a l l y  a c i d  p y r o c l a s t i c s )  c o n t a i n  f r o m  1 0  t o  1 0 0  t i m e s  m o r e  u r a n i u m  
t h a n  m o s t  " o r d i n a r y  g r o u n d w a t e r s " .  S p r i n g s  i s s u i n g  f r o m  g r a n i t i c  r o c k s  
a t  h i g h  a l t i t u d e s  ( 1 5 0 0  t o  2 4 0 0  m )  i n  t h e  S i e r r a  N e v a d a  o f  C a l i f o r n i a  c a r r y  
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s i g n i f i c a n t  a m o u n t s  o f  u r a n i u m ,  w h i c h  i s  d i s s o l v e d  o u t  o f  t h e s e  r o c k s  
a n d  p r e c i p i t a t e d  i n  n e a r b y  b o g s ,  w h e r e  c o n c e n t r a t i o n s  o f  u p  t o  0 , 7 %  u
3
0 s  
o c c u r  / 5 8 1 / .  T h e .  g e n e r a l  p r i n c i p l e  i s  r e c o g n i z e d  i n  n u m e r o u s  a d d i t i o n a l  
p u b l i c a t i o n s  d e a l i n g  w i t h  t h e  r a d i o a c t i v i t y  o r  r a d i o e l e m e n t a l  c o m p o s i t i o n  
o f  s p r i n g  w a t e r s  o r  t h e  p r e c i p i t a t e s  t h e r e f r o m  / 6 0 8 - 1 0 ,  613/~ 
D e n s o n  a n d  c o - w o r k e r s  h a v e  r e c o r d e d  s o m e  i n t e r e s t i n g  o b s e r v a t i o n s  o f  
t h e  d i s t r i b u t i o n  o f  u r a n i u m  i n  s u b t e r r a n e a n  w a t e r s  / 5 3 9 - 4 0 / .  I n  t h e  C o l o r a d o  
F r o n t  R a n g e  t h e y  c o n d u c t e d  a  r e c o n n a i s s a n c e  s u r v e y  b y  m e a s u r i n g  U  i n  s t r e a m s ,  
s p r i n g s  a n d  w e l l s  a n d  f o u n d  f r o m  0 , 5  t o  1 2 0  ~g/1. T h e y  s t a t e d  t h a t  " u r a n i u m  
c o n t e n t s  o f  1 2 0  t o  5 0  p a r t s  p e r  b i l l i o n  i n  f o r m a t i o n  w a t e r s  a r e  b e l i e v e d  t o  
. , .  . . .  
i n d i c a t e  d e s t r u c t i o n  o f  a  u r a n i u m  d e p o s i t " .  
I n  N e b r a s k a  a n d  n e i g h b o u r i n g  S t a t e s  s u b t e r r a n e a n  w a t e r s  f r o m  T e r t i a r y  
s t r a t a ,  i n c l u d i n g  r a d i o a c t i v e  t u f f s ,  c o n t a i n  f r o m  4  t o  1 1 0  m i c r o g r a m s  o f  
U  p e r  l i t r e  ( T o u r t e l o t  1 9 5 5 / 6 1 2 / ) .  
S o m e  i n t e r e s t i n g  p r a c t i c a l  a n d  t h e o r e t i c a l  w o r k  o n  U  i n  g r o u n d w a t e r s  
a p p e a r e d  i n  t h e  F r e n c h  l a n g u a g e  / 6 6 2 - 3 ,  7 1 3 / .  C o u l o m b  a n d  G Q l d s t e i n  / 6 6 2 / ,  
f o r  e x a m p l e ,  e x a m i n e d  t h e  u r a n i u m  c o n t e n t  o f  w a t e r s  a s s o c i a t e d  w i t h  k n o w n  
d e p o s i t s  o f  g r a n i t i c  m a s s i f s  i n  F r a n c e ,  w i t h  t h e  a i m  o f  d e v e l o p i n g  
" p r a c t i c a l  m e t h o d s  o f  g e o c h e m i c a l  p r o s p e c t i n g "  f o r  t h e . m e t a l .  
O f  t h o s e  p a p e r s  t h a t  m a y  b e  t e r m e d  o v e r v i e w s  o f  u r a n i u m  i n  g r o u n d w a t e r ,  
t h e  m o s t  i m p o r t a n t  a r e  t h o s e  b y  F i x  / 5 1 2 ,  5 4 1 /  a n d  S a u k o v  / 5 4 4 / .  B o t h  
a u t h o r s  a t t e m p t e d  t o  d r a w  s t a t i s t i c a l  c o n c l u s i o n s  a b o u t  t h e  a b u n d a n c e  a n d  
d i s t r i b u t i o n  o f  u r a n i u m  i n  v a r i o u s  n a t u r a l  w a t e r s .  F i x  r e p o r t e d  t h a t  t h e  
u r a n L u m  c o n t e n t  o f  n a t u r a l  w a t e r s  w a s  a  f u n c t i o n  o f  p H  a n d  o v e r a l l  c h e m i c a l  
c o m p o s i t i o n  o f  t h e  w a t e r ,  a n d  a l s o  o f  l i t h o l o g i c a l  c r i t e r i a ,  a n d  t h a t  [ U ]  
i n  w a t e r  s e r v e d  a s  a  r o u g h  m e a s u r e  o f  t h e  u r a n i u m  c o n t e n t  o f  c o n t i g u o u s  
g e o l o g i c a l  m a t e r i a l s .  F i x  s t a t e s  t h a t  b a c k g r o u n d  v a l u e s  f o r , U  i n  s u b -
t e r r a n e a n  w a t e r s  i n  t h e  U . S . A .  w e r e  g e n e r a l l y  o f  t h e  o r d e r  o f  1 0  ~g/1 
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a n d  t h a t  a n a l y s e s  o f  g r o u n d w a t e r  f r o m  u r a n i f e r o u s  a r e a s  o r d i n a r i l y  y i e l d e d  
v a l u e s  o f  o n e  t o  1 2 0  ~g/1. H o w e v e r ,  a c i d i c  m i n e  w a t e r s  c a n  c a r r y  s e v e r a l  
m i l l i g r a m s  o f  u r a n i u m  p e r  l i t r e .  T h r e s h o l d  v a l u e s  f o r  [ U )  a r e  u s u a l l y  
s e t  a t  f r o m  t h r e e  t o  t e n  t i m e s  b a c k g r o u n d  a n d  a n o m a l i e s  r a n g i n g  f r o m  a s  
l i t t l e  a s  5  t o  s e v e r a l  h u n d r e d  ~g/1 h a v e  b e e n  r e p o r t e d .  F i x  a l s o  m a k e s  
a n  i m p o r t a n t  o b s e r v a t i o n  c o n c e r n i n g  t h e  e f f e c t s  o f  m a n ' s  a c t i v i t i e s  o n  
g r o u n d w a t e r s :  " W h e r e  g r o u n d  h a s  b e e n  d i s t u r b e d  b y  m i n i n g  o r  w a t e r  h a s  
b e e n  p a r t l y  e v a p o r a t e d ,  a b n o r m a l l y  h i g h  u r a n i u m  c o n c e n t r a t i o n s  m a y  r e s u l t ,  
a n d  i n t e r p r e t a t i o n  m u s t  a l w a y s  b e  m a d e  w i t h  s u c h  f a c t o r s  i n  m i n d " .  
S a u k o v  / 5 4 4 /  p r e s e n t e d  a n  e x c e l l e n t  s h o r t  s u m m a r y  o f  t h e  p r i n c i p l e s  
o f  u r a n i u m  h y d r o g e o c h e m i s t r y ,  o r ,  a s  h e  a l s o  c a l l s  i t ,  r a d i o h y d r o g e o l o g y .  
H e  n o t e s  t h a t :  ( 1 )  R e d u c i n g  w a t e r s  w i l l  n o t  p r o m o t e  t h e  m i g r a t i o n  o f  
u r a n i u m .  ( 2 )  " T h e  n a t u r a l  h y d r o g e o c h e m i c a l  b a c k g r o u n d  i s  n o t  e s t a b l i s h e d  
a s  a  s e t  o f  u n i v e r s a l l y  a p p l i c a b l e  v a l u e s  o f  t h e  r a d i o e l e m e n t  c o n t e n t  o f  
u n d e r g r o u n d  w a t e r s ,  b u t  i s  d e t e r m i n e d  s e p a r a t e l y  f o r  e a c h  d e f i n i t e  t y p e  
o f  r o c k ,  a n d  f o r  e a c h  d i s t r i c t " .  ( 3 )  T h e  i n t e r p r e t a t i o n  o f  t h e  c o l l e c t e d  
d a t a  r e m a i n s  t h e  m o s t  d i f f i c u l t  p a r t  o f  a n y  p r o s p e c t i n g  s u r v e y  o f  U  i n  
w a t e r ,  a n d  ( 4 )  t h e  S o v i e t s  t h i n k  h i g h l y  e n o u g h  o f  g r o u n d w a t e r  e x p l o r a t i o n  
f o r  u r a n i u m  t o  g o  t o  t h e  t r o u b l e  o f  s i n k i n g  p i t s  t o  g e t  g r o u n d w a t e r  s a m p l e s  
i n  c e r t a i n  a r e a s  w h e r e  s u b t e r r a n e a n  w a t e r s  a r e  n o t  o t h e r w i s e  p r o c u r a b l e .  
S a u k o v  s t a t e s  t h a t  [ U ]  i n  g r o u n d w a t e r s  ( p r e s u m a b l y  m a i n l y  f r o m  d a t a  
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g a t h e r e d  i n  t h e  U . S . S . R . ) s h o w s  a  w i d e  r a n g e ,  f r o m  n  x  1 0  ~g/1 t o n  x  1 0  
g / 1 ;  r e a c h i n g  a  m a x i m u m  i n  e i t h e r  t h e  w a t e r s  o f  u r a n i u m  m i n e s  o r  i n  
r e g i o n s  c o n t a i n i n g  n u m e r o u s  u r a n i u m  d e p o s i t s .  
S e v e r a l  s t u d e n t s  o f  h y d r o g e o c h e m i s t r y  s t r e s s e d  t h e  r o l e  o f  h y d r o l o -
g i c a l  f a c t o r s  s u c h  a s  t h e  p o s i t i o n  o f  t h e  w a t e r  t a b l e  ( o r  w a t e r - o i l  
i n t e r f a c e s  / 7 3 1 / )  a n d  h y d r a u l i c  g r a d i e n t  i n  t h e  d e t e r m i n a t i o n  o f  t h e  
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b e h a v i o u r  o f  U  i n  u n d e r g r o u n d  w a t e r s .  T h e  U n i t e d  S t a t e s  A t o m i c  E n e r g y  
C o m m i s s i o n  s t a t e d  t h a t  " T h e  s a m p l i n g  o f  g r o u n d w a t e r  a n d  m e a s u r e m e n t  o f  
i t s  u r a n i u m  c o n t e n t  h a s  ( s i c )  r e s u l t e d  i n  t h e  i n d i c a t i o n  o f  a r e a s  f a v o u r -
a b l e  f o r  u r a n i u m  t h a t  h a v e  s u b s e q u e n t l y  b e e n  f o u n d  t o  c o n t a i n  c o m m e r c i a l  
d e p o s i t s .  M o s t  g r o u n d  w a t e r  c o n t a i n s  l e s s  t h a n  2  p a r t s  p e r  1 0
9  
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u r a n i u m  a n d  w a t e r  f r o m  v o i c a n i c  a n d  t u f f a c e o u s  s e d i m e n t s  ( s i c )  c o n s i d e r e d  
f a v o u r a b l e  f o r  u r a n i u m  d e p o s i t s  m a y  c o n t a i n  1 0  t o  2 5 0  p p b .  I n  m a n y  a r e a s  
s a m p l i n g  i n d i c a t e s  t h a t  l e a c h i n g  o f  u r a n i u m  i s  t a k i n g  p l a c e  a t  t h e  p r e s e n t  
t i m e .  V a r i a t i o n s  i n  t h e  u r a n i u m  c o n t e n t  o f  g r o u n d  w a t e r s  v a r y  w i t h  t h e  
t r a n s m i s s i v i t y  o f  t h e  h o s t  r o c k  w h i c h ,  i n  t u r n ,  e f f e c t s  ( s i c )  t h e  a v a i l -
a b i l i t y  o f  u r a n i u m "  / 6 3 6  p .  7 5 3 / .  G e r m a n o v  ( 1 9 5 6 / 6 4 7 / )  s t u d i e d  t h e  h y d r o -
g e o c h e m i s t r y  o f  s h a l l o w ,  o x i d i z i n g  o r e b o d i e s  ( u r a n i u m  a n d  o t h e r  m e t a l s )  
a n d  f o u n d  t h a t  u r a n i u m  t e n d s  t o  b e  m o s t  s t r o n g l y  l e a c h e d  f r o m  t h a t  p a r t  
o f  t h e  r o c k / s o i l  p r o f i l e  w i t h i n  w h i c h  s e a s o n a l  f l u c t u a t i o n  o f  t h e  w a t e r  
t a b l e  i s  s t r o n g e s t .  L e a c h i n g  i s  r e l a t i v e l y  r e s t r i c t e d  b o t h  b e l o w  a n d  
a b o v e  t h i s  z o n e .  G a r r e l s  a n d  C h r i s t  / 6 8 1 - 2 /  p r e s e n t e d  e v i d e n c e  t o  s h o w  
t h a t  t h e  d e g r e e  o f  o x i d a t i o n  ( a n d  h e n c e  m o b i l i z a t i o n )  o f  u r a n i u m  o r e s  w a s  
i n  s o m e  i n s t a n c e s  d e p e n d a n t  o n  t h e  r e l a t i o n s h i p  b e t w e e n  t h e  d e p o s i t  a n d  
t h e  m o d e r n  w a t e r  t a b l e ,  o x i d a t i o n  b e i n g  p r o m o t e d  b y  a  s u b s i d i n g  g r o u n d w a t e r  
t a b l e .  
B e c a u s e  o f  t h e  w i d e l y - a c c e p t e d  v i e w  t h a t  t h e  C o l o r a d o  u r a n i u m  d e p o s i t s  
a r e  r e l a t e d  t o  g r o u n d w a t e r s ,  s e v e r a l  e x t e n s i v e  s t u d i e s  w i t h  a  h y d r o l o g i c a l  
o r  h y d r o l o g i c a l / c h e m i c a l  e m p h a s i s  w e r e  u n d e r t a k e n  i n  t h i s  a r e a  i n  t h e  
s e a r c h  f o r  u r a n i u m  / 6 7 5 - 7 / .  K e l l e y  / 6 7 9 / ,  f o r  e x a m p l e ,  f e l t  t h a t  p e r s i s t e n t  
f a v o u r a b l e  h y d r a u l i c  g r a d i e n t s  a r e  n e c e s s a r y  f o r  l a r g e - s c a l e  a n d / o r  l o n g  
d i s t a n c e  l a t e r a l  m i g r a t i o n  o f  u r a n i f e r o u s  s o l u t i o n s .  
M i h a l i c  ( 1 9 5 6 / 6 1 1 / )  s t a t e d  t h a t  [ U ] ,  l i k e  t h e  c o n c e n t r a t i o n  o f  m a n y  
o t h e r  e l e m e n t s  i n  g r o u n d w a t e r s ,  i s  d e p e n d a n t  o n  c l i m a t e  a n d  s e a s o n  a n d  
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t h a t  p r o v i d e d  a l l  o t h e r  f a c t o r s  a r e  e q u a l ,  t h e  r a d i o a c t i v i t y  o f  s p r i n g s  
t e n d s  t o  b e  h i g h e r  i n  w e t t e r  y e a r s .  B o t h  U  a n d  R a  t e n d  t o  b e  u n e v e n l y  
d i s t r i b u t e d  w i t h i n  t h e  d i f f e r e n t  s p r i n g s  o f  a n y  d i s t r i c t .  K l e p p e r  a n d  
W y a n t  / 6 3 2  p  . .  2 1 9 /  h a v e  s p e c u l a t e d  t h a t  t h e  p r o c e s s  o f  " m i g r a t i o n - a c c r e t i o n "  
i s  p r o b a b l y  l a r g e l y  c o n t r o l l e d  b y  c l i m a t e  a n d  t h a t  t h e  r e d e p o s i t i o n  o f  
u r a n i u m  i s  f a v o u r e d  b y  a r i d  c o n d i t i o n s  w i t h  m i n i m a l  r a i n f a l l  r u n o f f  ( s u r f a c e  
o r  s u b s u r f a c e )  a n d  e x p o r t  t o  t h e  s e a .  
T h e r e  w a s  r e l a t i v e l y  l i t t l e  c o m m e n t  i n  t h e  l i t e r a t u r e  a t  t h i s  t i m e  
c o n c e r n i n g  t h e  r e l a t i o n s h i p  b e ' t w e e n  u r a n i u m  a n d  o t h e r  t r a c e  e l e m e n t s  i n  
g r o u n d w a t e r .  D e n s o n  ( 1 9 5 5 / 5 4 7 / )  i n v e s t i g a t e d  w a t e r s  f r o m  u r a n i f e r o u s  
f o r m a t i o n s  ( O l i g o c e n e  a n d  M i o c e n e  t u f f s )  i n  M o n t a n a  a n d  t h e  D a k o t a  S t a t e s  
a n d  f o u n d  t h a t  t h e  e l e m e n t s  A s ,  C u ,  P ,  V  a n d  M o  w e r e  a s s o c i a t e d  i n  s i g n i f i c a n t  
a m o u n t s  w i t h  u r a n i u m  i n  s o l u t i o n .  H i g h  [ Z n ]  m a y  a l s o  b e  p r e s e n t  ( D e n s o n  
e t  a Z .  1 9 5 6 / 5 4 0 / ) .  
M c K e l v e y  a n d  C a r s w e l l  ( 1 9 5 6 / 5 7 4 ,  6 9 4 / )  n o t e d  a  r e l a t i o n s h i p  b e t w e e n  
p h o s p h o r u s  a n d  u r a n i u m  i n  g r o u n d w a t e r s  a s s o c i a t e d  w i t h  s o m e  u r a n i u m -
- e n r i c h e d  r o c k s .  T h e y  s t a t e d  t h a t  [ U ]  i n  t h e  w a t e r s  o f  p h o s p h a t e  m i n e s  w a s  
a s  h i g h  a s  2 2  ~g/1, w h e r e a s  m o s t  g r o u n d w a t e r s  c o n t a i n  l e s s  t h a n  o n e  m i c r o g r a m  
o f  u r a n i u m  p e r  l i t r e .  
A u s t i n  ( 1 9 5 7 / 5 9 4 ,  7 2 8 / )  o b s e r v e d  t h a t  a c i d - s u l p h a t e  s o l u t i o n s  c o u l d  
m o b i l i s e  U  f r o m  p r i m a r y  d e p o s i t s  o f  u r a n a n i t e  p l u s  s u l p h i d e s  ( o f  F e ,  C d ,  
P b  a n d  C u )  a n d  t h a t  M n ,  C o ,  M o  a n d  C u  ( b u t  n o t  P b )  a r e  r e d i s t r i b u t e d  b y  
t h e  s a m e  p r o c e s s  ( b u t  n o t  n e c e s s a r i l y  t o  t h e  s a m e  p l a c e s ) .  I s o t o p i c  
s t u d i e s  / 6 6 6  p .  2 2 5 /  o f  s e c o n d a r y  u r a n i u m  m i n e r a l s ,  w h i c h  c o n t a i n  a  s m a l l  
a m o u n t  o f  l e a d  a s  a  l a t t i c e  i m p u r i t y ,  i n d i c a t e d  t h a t  o n l y  " a  s m a l l  f r a c t i o n  
o f  t h e  a m o u n t  ( o f  l e a d )  o r i g i n a l l y  a s s o c i a t e d  w i t h  u r a n i u m  i n  t h e  s o u r c e  
r o c k "  i s  i n c l u d e d  i n  t h e  p e w  m i n e r a l s .  T h i s  w a s  i n  a g r e e m e n t  w i t h  e a r l i e r  
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i s o t o p i c  s t u d i e s  / 5 7 7 ,  6 6 5 /  t h a t  s u g g e s t e d  t h e  r e l a t i v e  i m m o b i l i t y  o f  
P b  ( a n d  R a )  w i t h  r e s p e c t  t o  u r a n i u m .  R o s h o l t  ( 1 9 5 7 / 7 2 7 / )  s h o w e d  t h a t  
cer~ain l o n g - l i v e d  d a u g h t e r  p r o d u c t s  s u c h  a s  T h
2 3 0  
a n d  P a
2 3 1  
a r e  l e a c h e d  
f r o m - s u l p h i d e  o r e s  a l o n g  w i t h  u r a n i u m ,  b u t  t h e i r  c o n c e n t r a t i o n s  a r e  s o  
l o w  t h a t  t h e y  c a n n o t  s e r i o u s l y  b e  c o n s i d e r e d  a s  a d d i t i o n a l  p a t h f i n d e r s  
f o r  u r a n i u m .  
D e n s o n ' / 5 3 9 /  d e t e r m i n e d  C a ,  M g ,  N a ,  K ,  b i c a r b o n a t e ,  c a r b o n a t e ,  
c h l o r i d e ,  p H ,  T o t a l  D i s s o l v e d  S o l i d s  a n d  c o n d u c t i v i t y  i n  w a t e r s  t h a t  h a d  
l e a c h e d  s a l t s  f r o m  s o i l s  a r o u n d  u r a n i u m  d e p o s i t s  i n  c l a y s ,  m u d s t o n e s ,  
s i l t s  a n d  s a n d s  i n  t h e  B l a c k  H i l l s  o f  D a k o t a .  H e  c o n c l u d e d  t h a t  o n l y  t h e  
C a / M g  r a t i o  h a d  a n y  s i g n i f i c a n t  r e l a t i o n s h i p  t o  t h e  c o n c e n t r a t i o n  o f  U ,  
b u t  t h a t  t h i s  w a s  p r o b a b l y  a  p u r e l y  l o c a l  p h e n o m e n o n .  
A m i e l  a n d  W i n s b e r g  / 5 3 8 /  m a d e  a n  i n t e r e s t i n g  a t t e m p t  t o  p r e d i c t  
q u a n t i t a t i v e l y  t h e  s i z e  o f  u r a n i u m  o r e b o d i e s  f r o m  t h e  h e l i u m  a n d  k r y p t o n  
c o n t e n t  o f  s p r i n g  w a t e r s  s u p p o s e d l y  c o n n e c t e d  w i t h  s u c h  d e p o s i t s .  
R a d i u m  a n d  r a d o n  f r e q u e n t l y  a c c o m p a n y *  u r a n i u m  i n  g r o u n d w a t e r s  / 5 4 4 / ,  
a n d  t h e  r a d o n  e s p e c i a l l y  a c c o u n t s  f o r  t h e  r a d i o a c t i v i t y  o f  m o s t  " r a d i o a c t i v e "  
t h e r m a l  w a t e r s .  S t e a d  ( 1 9 5 6 / 6 3 5  p .  7 1 7 / )  n o t e d  t h a t  " I n  g a m m a - r a y  l o g g i n g  
o f  e x p l o r a t o r y  d r i l l  h o l e s  o n  t h e  C o l o r a d o  P l a t e a u ,  s m a l l  s h a r p  a n o m a l i e s  
d e t e c t e d  s e v e r a l  h u n d r e d  f e e t  d o w n  d i p  f r o m  c a r n o t i t e  o r e s  a r e  p r e s u m a b l y  
c a u s e d  b y  r a d o n  m i g r a t i n g  i n  g r o u n d  w a t e r s  a l o n g  p e r m e a b l e  c h a n n e l s " .  
L o v e r i n g  / 6 1 3 /  p o i n t e d  o u t  t h a t  t h e  r a d i o a c t i v i t y  o f  s p r i n g  w a t e r s  w a s  
m o r e  o f t e n  a  f u n c t i o n  o f  [ R n ]  r a t h e r  t h a n  o f  [ U ] .  R a d o n  h a s  a  s h o r t  h a l f -
l i f e  a n d  t h e r e f o r e  t h e  r a d i o a c t i v i t y  o f  s p r i n g  w a t e r s  i s  d e p e n d e n t  u p o n  
b o t h • t h e  d e g r e e  o f  r a d i o a c t i v i t y  o f  t h e  s o u r c e  r o c k s  a n d  t h e  s p e e d  o f  
c i r c u l a t i o n  o f  t h e  g r o u n d w a t e r .  
*  c o n f i r m s  e a r l i e r  o b s e r v a t i o n s  / 6 0 5 ,  6 7 0 / .  
7 3 .  
4 . 3 9  U R A N I U M  :  A N A L Y S I S  A N D  R E V I E W  A R T I C L E S  
T h e  a n a l y s i s  o f  u r a n i u m  w a s  a p p a r e n t l y  a  v e r y  t e d i o u s  b u s i n e s s  i n  
t h e  m i d - f i f t i e s ,  i f  o n e  j u d g e s  t h e  m e t h o d  u s e d  b y  D e n s o n  / 5 4 0 /  a s  a n  
e x a m p l e :  " P i n t  s a m p l e s  o f  g r o u n d  w a t e r  w e r e  c o l l e c t e d  . . . . •  T h e  u r a n i u m  
c o n t e n t  w a s  d e t e r m i n e d  b y  e t h y l  a c e t a t e  e x t r a c t i o n  m e t h o d  ( s i c )  a s  f o l l o w s :  
a n  a c i d i f i e d  a l i q u o t  o f  t h e  s a m p l e ,  u s u a l l y  1 0 0  t o  5 0 0  m l ,  w a s  e v a p o r a t e d  
n e a r l y  t o  d r y n e s s  a n d  t h e n  d i l u t e d  w i t h  d i s t i l l e d  w a t e r  a c i d i f i e d  w i t h  
n i t r i c  a c i d .  A n  a l i q u o t  o f  t h i s  s o l u t i o n  w a s  s a l t e d  w i t h  r e c r y s t a l l i z e d  
a l u m i n u m  ( s i c )  n i t r a t e ,  a n d  t h e  u r a n i u m  w a s  e x t r a c t e d  w i t h  e t h y l  a c e t a t e .  
T h e  e x t r a c t  w a s  t h e n  b u r n e d  o f f  i n  a  p l a t i n u m  d i s h ,  a n d  t h e  r e s i d u e  w a s  
f u s e d  w i t h  a  s o d i u m  f l u o r i d e  c a r b o n a t e  f l u x .  A  s e n s i t i v e  f l u o r i m e t e r  w a s  
u s e d  t o  c o m p a r e  t h e  f l u o r e s c e n c e  o f  t h e  u n k n o w n  w i t h  s t a n d a r d s  t r e a t e d  
i n  a  s i m i l a r  m a n n e r ,  a n d  t h e  u r a n i u m  c o n t e n t  w a s  c a l c u l a t e d  
I I  
H y d r o -
g e o c h e m i s t s  w e r e  a i d e d  b y  t h e  i n t r o d u c t i o n  a r o u n d  1 9 5 6 - 7  o f  s i m p l e r  a n d  
l e s s  t e d i o u s  a n a l y t i c a l  p r o c e d u r e s  f o r  u r a n i u m  / 6 6 8 / .  S o m e  i m p o r t a n t  
p a p e r s  o n  t h e  d e t e r m i n a t i o n  o f  U  a n d  o t h e r  r a d i o e l e m e n t s  w e r e  p r e s e n t e d  
b y  W a r d  a n d  M a r r a n z i n o  / 5 4 6 / ,  T h a t c h e r  a n d  B a r k e r  / 6 3 8 /  a n d  B a r k e r  a n d  
T h a t c h e r  / 6 4 2 /  ( a l l  1 9 5 7 ) .  
P r e d i c t a b l y  e n o u g h ,  m a n y  i m p o r t a n t  r e v i e w  p a p e r s  o r  t e x t b o o k s  
/ 6 5 5 - 9 ,  6 7 8 ,  6 9 8 /  o n  t h e  s u b j e c t  o f  " r a d i o h y d r o g e o c h e m i s t r y "  a p p e a r e d  
d u r i n g  t h i s  p e r i o d .  T h e  m o s t  i m p o r t a n t  o f  t h e s e ,  f o r  t h e  E n g l i s h  s p e a k i n g  
r e a d e r ,  i s  V o l u m e  V I  o f  t h e  ( F i r s t )  U n i t e d  N a t i o n s  I n t e r n a t i o n a l  C o n f e r e n c e  
o n  t h e  P e a c e f u l  U s e s  o f  A t o m i c  E n e r g y  / 6 3 6 / .  O t h e r s ,  a l t h o u g h  p o t e n t i a l l y  
o f  g r e a t  i n t e r e s t  a n d  v a l u e ,  h a v e  a p p a r e n t l y  n o t  b e e n  t r a n s l a t e d  f r o m  
R u s s i a n .  
I t  s h o u l d  b e  n o t e d  t h a t ,  d e s p i t e  t h e  g r e a t  n u m b e r  o f  i n v e s t i g a t i o n s  
o f  t h e  u r a n i u m  c o n t e n t  o f  n a t u r a l  w a t e r s  i n  m a n y  p a r t s  o f  t h e  w o r l d  d u r i n g  
t h i s  p e r i o d ,  t h e r e  w e r e  a t  t h i s  t i m e  m a n y  w h o  r e g a r d e d  t h e  h y d r o g e o c h e m i c a l  
;~ 
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m e t h o d  a s  b e i n g  o f  m i n o r  i n t e r e s t  o n l y  w h e n  c o m p a r e d  t o  r a d i o m e t r i c  m e t h o d s  
o f  p r o s p e c t i n g .  L a n g  ( 1 9 5 6 / 6 3 4  p .  6 6 7 / ) ,  f o r  e x a m p l e ,  i n  h i s  s u m m a r y  o f  
u r a n i u m  p r o s p e c t i n g  i n  C a n a d a ,  m e r e l y  s u g g e s t s  t h a t  " g e o c h e m i c a l  m e t h o d s  
o f  p r o s p e c t i n g  f o r  u r a n i u m  h o l d  p o s s i b i l i t i e s  • . . • .  " a n d  h e  d i s m i s s e s  t h e  
e n t i r e  s u b j e c t ,  i n c l u d i n g  t h e  a p p l i e d  g e o c h e m i s t r y  o f  n a t u r a l  w a t e r s ,  i n  
l e s s  t h a n  t w e n t y  l i n e s .  
4 . 4  T H E  P E R I O D  1 9 5 8 - 1 9 6 2  
4 .  4 1  U R A N I U M  
I N T R O D U C T I O N  
A r o u n d  1 9 6 0  t h e  s c i e n c e  o f  g r o u n d w a t e r  h y d r o g e o c h e m i c a l  p r o s p e c t i n g  
w a s  s t i l l  d o m i n a t e d  b y  t h e  s e a r c h  f o r  u r a n i u m ,  b u t ,  a s  i n  e a r l i e r  y e a r s ,  
t h e s e  m e t h o d s  w e r e  n o t  a c c e p t e d  e v e r y w h e r e  w i t h  e q u a l  e n t h u s i a s m .  T h e r e -
f o r e ,  i n  o r d e r  t h a t  t h e  a d v a n c e s  o f  t h i s  p e r i o d  m i g h t  b e  s e e n  i n  t h e  
c o r r e c t  p e r s p e c t i v e ,  i t  m a y  b e  a s  w e l l  t o  b e g i n  w i t h  a  s h o r t  s u m m a r y  o f  
t h e  r e s e r v a t i o n s  e x p r e s s e d  o r  p r o b l e m s  d e f i n e d  b y  c o n t e m p o r a r y  a u t h o r s .  
H a w k e s  ( 1 9 5 9 / 7 0 5 / ) ,  f o r  e x a m p l e ,  r e m a i n e d  c a u t i o u s  i n  h i s  a t t i t u d e  t o  
g r o u n d w a t e r  p r o s p e c t i n g  - m a i n l y  b e c a u s e  o f  i t s  r e l a t i v e l y  u n d i s t i n g u i s h e d  
t r a c k  r e c o r d  - b u t  c o n c e d e d  t h a t  " t h e  a n a l y s i s  o f  g r o u n d  w a t e r  f o r  t h e  
s o l u b l e  w e a t h e r i n g  p r o d u c t s  o f  o r e s  p r o b a b l y  s h o w s  a s  m u c h  p r o m i s e  a s  
a n y  o t h e r  g e o c h e m i c a l  m e t h o d " .  H a w k e s  n e v e r  t h e  l e s s ·  d e v o t e s  n o  m o r e  t h a n  
e l e v e n  l i n e s  t o  t h e  s u b j e c t .  I n  s i m i l a r  v e i n ,  P a g e  ( 1 9 5 8 / 7 0 7 / )  s t a t e d  
t h a t  " n o  s i g n i f i c a n t  d i s c o v e r i e s  o f  u r a n i u m  d e p o s i t s  d u r i n g  t h e  p a s t  t h r e e  
y e a r s  c a n  b e  a t t r i b u t e d  t o  h y d r o g e o c h e m i s t r y  • . . . .  H o w e v e r ,  t h i s  c o n t i n u e s  
t o  b e  o f  i n t e r e s t  a s  a  p o t e n t i a l  m e t h o d  o f  f i n d i n g  n e w  a n d  m a j o r  d e p o s i t s  
b u t  m o r e  p r e c i s e  d e l i m i t a t i o n  o f  t e c t o n i c  p r o v i n c e s  a n d  m o r e  s a m p l e  d a t a  
w i  1 1  b e  n e e d e d  b e f o r e  g r o u n d - w a t e r  s a m p l i n g  c a n  b e  c o n s i d e r e d  a n  i m p o r t a n t  
o r  e c o n o m i c  r e c o n n a i s s a n c e  t o o l " .  E v . e r h a r t  / 7 2 9  I ,  i n  h i s  s u m m a r y  i n  1 9 5 8  
o f  " U n s o l v e d  P r o b l e m s  i n  U r a n i u m  G e o l o g y "  l i s t s ,  i n t e r  a l i a ,  t h e  l a c k  o f  
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a d e q u a t e  d a t a  f o r  u r a n i u m  i n  s o m e  g e o g r a p h i c a l  o r  c l i m a t i c  s i t u a t i o n s ,  
f o r  i n s t a n c e  i n  n a t u r a l  f r e s h  t r o p i c a l  w a t e r s .  I t  w a s  h i s  o p i n i o n  t h a t  
t h e  h y d r o g e o c h e m i s t r y  o f  u r a n i u m  t r a n s p o r t a t i o n  w a s  o n e  o f  t h e  m o r e  
i m p o r t a n t  s u b j e c t s  r e q u i r i n g  c o n c e n t r a t e d  a d d i t i o n a l  r e s e a r c h .  
W i t h i n  t h e  n e x t  f e w  y e a r s  a  g r e a t  d e a l  o f  a d d i t i o n a l  w o r k  d i d  g o  
i n t o  s o l v i n g  s o m e  o f  t h e s e  p r o b l e m s  a n d  a n  e x a m i n a t i o n  o f  t h e  L i t e r a t u r e  
r e v e a l s  s u b s t a n t i a l  t h e o r e t i c a l  a n d  p r a c t i c a l  p r o g r e s s  i n  t h e  f o r m  o f  
s e v e r a l  i m p o r t a n t  p a p e r s  f r o m  t h i s  p e r i o d .  T h e s e  w i l l  b e  e x a m i n e d  i n  
s o m e  d e t a i l  i n  s u b s e c t i o n s  4 . 4 2  e t  s e q . ,  w h i c h  f o l l o w .  A  n u m b e r  o f  
s h o r t e r  o r  l e s s  s i g n i f i c a n t  i t e m s  f r o m  t h i s  p e r i o d ,  a n d  s o m e  c o l l e c t e d  
w o r k s ,  a r e  s u m m a r i z e d  b e l o w :  
( i )  A b u n d a n c e s  a n d  d i s t r i b u t i o n  o f  u r a n i u m  a n d  o t h e r  r a d i o e l e m e n t s  
i n  g r o u n d w a t e r  a n d  t h e  a p p l i c a t i o n  o f  t h e s e  d a t a  t o  g e o c h e m i c a l  p r o s p e c t i n g  
/ 7 3 8 ,  7 4 6 ,  7 6 4 ,  9 3 8 - 9 ,  1 0 6 3 / .  
( i i )  S t a t i s t i c a l  m e t h o d s  f o r  t h e  i n t e r p r e t a t i o n  o f  u r a n i u m  h y d r o g e o c h e m i c a l  
d a t a  / 7 3 9 / .  
( i i i )  S u m m a r y  o f  t h e  a b u n d a n c e s  a n d  d i s t r i b u t i o n  o f  U ,  R a  a n d  o t h e r  r a d i o -
e l e m e n t s  i n  o i l f i e l d  w a t e r s  o f  t h e  U . S . S . R .  / 7 9 0 / .  
( i v )  I m p o r t a n t  c o l l e c t e d  v o . l u m e s :  ( F i r s t )  U . N .  C o n f e r e n c e  o n  t h e  P e a c e f u l  
U s e s  o f  A t o m i c  E n e r g y  ( 1 9 5 8 / 7 0 6 / )  a n d  H e i n r i c h  ( 1 9 5 8 / 6 9 9 / ) .  
4 . 4 2  U R A N I U M  :  T H E  W E S T  
I l l s l e y  e t  a Z .  ( 1 9 5 8 / 7 0 8 / )  w e r e  r e s p o n s i b l e  f o r  a  s h o r t ,  p o w e r f u l  
p r e s e n t a t i o n  o f  c o n c e p t s  o f  i m p o r t a n c e  t o  t h e  h y d r o g e o c h e m i c a l  p r o s p e c t o r .  
T h e s e  a u t h o r s  w o r k e d  m a i n l y  w i t h  s a m p l e s  o f  s u r f a c e  w a t e r s ,  b u t  t h e i r  
o b s e r v a t i o n s  a r e  r e l e v a n t  t o  h y d r o g e o c h e m i s t r y  i n  g e n e r a l .  T h e y  c o m m e n t  
a s  f o l l o w s  o n  t h e  r o l e  o f  p H  i n  t h e  m o b i l i z a t i o n  o f  c h e m i c a l  e l e m e n t s :  
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" M o s t  c h e m i c a l  r e a c t i o n s  i n  t h e  z o n e  o f  w e a t h e r i n g  o c c u r  i n  n e a r l y  n e u t r a l  
w a t e r s .  T h e  p H  o f  s u r f a c e  f i l m s ,  h o w e v e r ,  i s  v e r y  d i f f e r e n t  f r o m  t h e  g r o s s  
p H  a s  m e a s u r e d  i n  n a t u r a l  w a t e r s .  T h e  c h e m i c a l  r e a c t i o n  b e t W e e n  w a t e r  a n d  
g r a n i t i c  r o c k s  m a y  t a k e  p l a c e  b e c a u s e  t h e p H  a t  t h e  i n t e r f a c e  i s  r e l a t i v e l y  
h i g h  ( 8  o r  9 ) ;  y e t ,  u p o n  d i l u t i o n  t h e  g r o s s  p H  i s  n e a r l y  n e u t r a l .  I f  t h i s  
f i l m  c o u l d  b e  i s o l a t e d  i n  a n  u n d i l u t e d  s t a t e  a n d  t h e  p H  l o w e r e d ,  t h e  d i s -
s o l v e d  s o l i d s  w o u l d  p r o b a b l y  p r e c i p i t a t e .  H o w e v e r ,  i n  n a t u r e ,  t h i s  m a t e r i a l  
r e m a i n s  i n  s o l u t i o n  a s  a  r e s u l t  o f  d i l u t i o n  a n d  n o t  b e c a u s e  t h e  m e a s u r e d  
p H  i n d i c a t e s  a n  e f f e c t i v e  s o l v e n t .  T h u s ,  c o n c l u s i o n s  d r a w n  f r o m  n a t u r a l -
- w a t e r  p H  v a l u e s  m a y  b e  m i s l e a d i n g  w i t h o u t  p r o p e r  e v a l u a t i o n .  
P u r e  w a t e r  i n  c o n t a c t  w i t h  g r a n i t e  d i s s o l v e s  a s  m u c h  a s  3 0  x  1 0  -
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p e r  l i t e r .  T h e s e  s o l u t i o n s  a r e  s t a b l e  a l t h o u g h  t h e  p H  i s  
o n l y  6 . 5 .  A  p o s s i b l e  e x p l a n a t i o n  f o r  t h e  s t a b i l i t y  o f  s u c h  s o l u t i o n s  i s  
t h e  p r e s e n c e  o f  c o l l o i d a l  s i l i c a  a n d  f e r r i c  h y d r o x i d e .  C o l l o i d a l  m a t e r i a l s  
t h a t  a b s o r b  u r a n i u m  c o n t r i b u t e  t o  i t s  p r e s e n c e  i n  w a t e r  a s  l o n g  a s  t h e  
c o l l o i d s  r e m a i n  d i s p e r s e d .  W a t e r s  f r o m  s e m i a r i d  r e g i o n s  c o m m o n l y  c o n t a i n  
e n o u g h  b i c a r b o n a t e  i o n  t o  s t a b i l i z e  u r a n i u m  a s  a  c a r b o n a t e  c o m p l e x .  U r a n i u m  
p r e s e n t  i n  w a t e r s  c o n t a i n i n g  a b u n d a n t  o r g a n i c  m a t t e r  i s  k e p t  i n  s o l u t i o n  
b y  t h e  f u l v i c - a c i d  f r a c t i o n  o f  t h e  o r g a n i c  m a t e r i a l .  
V a r i o u s  p r o c e s s e s  c o m b i n e  t o  r e m o v e  c o n s i d e r a b l e  a m o u n t s  o f  u r a n i u m  
f r o m  s o l u t i o n .  T h e  s o l u b l e  u r a n i u m  c o m p l e x e s  a r e  r e a d i l y  a b s o r b e d  o n  
t h e  h y d r o x i d e  g e l s  o f  i r o n ,  a l u m i n u m  a n d  m a n g a n e s e ,  a n d  p o s s i b l y  o n  s i l i c a  
g e l ,  s i n c e  s i z e  a n d  c h a r g e  l i m i t a t i o n s  a r e  f u l f i l l e d  b y  h e x a v a l e n t  u r a n i u m .  
T h i s  a b s o r b e d  u r a n i u m  i s  r e t a i n e d  b y  t h e s e  h y d r o x i d e s  d u r i n g  c o a g u l a t i o n  
a n d  p r e c i p i t a t i o n  a n d  t h u s  b e c o m e s  e n r i c h e d  i n  s e d i m e n t s "  ( p .  1 2 6 ) .  
A m o n g s t  t h e  p r a c t i c a l  a s p e c t s  t h a t  w e r e  s t r e s s e d  w e r e  t h e  u s e  o f  
p o l y e t h y l e n e  c o n t a i n e r s  f o r  c o n t a m i n a t i o n - f r e e  s a m p l i n g ,  t h e  i m p o r t a n c e  
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o f  o r i e n t a t i o n  b e f o r e  r e c o n n a i s s a n c e  w o r k  a n d  t h e  n e e d  f o r  b e t t e r  a n a l y t i c a l  
s e n s i t i v i t y  i n  r e c o n n a i s s a n c e  w o r k  t h a n  i n  s u b s e q u e n t  d e t a i l e d  w o r k .  T h e  
a u t h o r s  e m p h a s i z e d  t h e  n e e d  t o  c h a r a c t e r i z e  t h e  b u l k  c h e m i s t r y  o f  t h e  
" s p e c i f i c  t y p e  o f  w a t e r s  i n  t h e  r e g i o n  a s  a  w h o l e "  a n d  n o t e d  t h a t ,  w i t h  
r e s p e c t  t o  t h e  m a j o r  c o m p o n e n t s ,  " g r e a t e r  v a l u e  w a s  p l a c e d  o n  o b t a i n i n g  
c h e m i c a l  c o r r e l a t i o n  w i t h  u r a n i u m  c o n t e n t  t h a n  i n  o b t a i n i n g  e m p i r i c a l  
r e l a t i o n s h i p s  w i t h  o t h e r  t r a c e  e l e m e n t s "  ( p .  1 2 6 ) .  F o r  p u r p o s e s  o f  i n t e r -
p r e t i n g  h y d r o g e o c h e m i c a l  u r a n i u m  a n a l y s e s ,  I l l s l e y  e t  a Z . u s e d  g r a p h i c a l  
p r o f i l i n g ,  i s o g r a d  m a p s ,  f r e q u e n c y - d i s t r i b u ' t i o n  d i a g r a m s  a n d  m e t h o d s  o f  
s t a t i s t i c a l  e v a l u a t i o n  t h a t  w e r e  b a s e d  o n  t h e  p r o p o s a l  b y  A h r e n s  ( 1 9 5 4 / 7 0 9 / )  
t h a t  e l e m e n t s  i n  b a r r e n  m a t e r i a l  f o l l o w  a  l o g n o r m a l  c o n c e n t r a t i o n  d i s t r i b u t i o n .  
T h u s  s i g n i f i c a n t  a n a l y t i c a l  v a l u e s  w e r e  i d e n t i f i e d  b y  p l o t t i n g ,  s e p a r a t e l y ,  
t h e  f r e q u e n c y  d i s t r i b u t i o n  o f  t h e  l o g a r i t h m s  o f  t h e  u r a n i u m / b i c a r b o n a t e  
r a t i o s  a n d  t h e  l o g a r i t h m s  o f  t h e  u r a n i u m / s p e c i f i c  c o n d u c t a n c e  r a t i o s  ( t h e  
s p e c i f i c  c o n d u c t a n c e ,  K ,  b e i n g  a  g o o d  e s t i m a t e  o f  T o t a l  D i s s o l v e d  S o l i d s ) .  
T h e s e  p l o t s  w e r e  i n  g o o d  a g r e e m e n t  w i t h  t h e  t h e o r e t i c a l  n o r m a l  c u r v e .  F o r  
b o t h  p l o t s  t h e  t h r e s h o l d  w a s  a r b i t r a r i l y  s e t  a t  a  p o i n t  e q u a l  t o  t h e  m e a n  
p l u s  o n e  a n d  o n e  h a l f  s t a n d a r d  d e v i a t i o n s ,  w h i c h  e l i m i n a t e d  t h i r t e e n  o u t  
o f  e v e r y  f o u r t e e n  s a m p l e s .  T h e  a u t h o r s  d e s c r i b e  a  t y p i c a l  e x a m p l e  o f  a ,  
d e t a i l e d  i n v e s t i g a t i o n  o f  o n e  o f  t h e  m o s t  a n o m a l o u s  v a l u e s  i s o l a t e d  b y  
t h e  a b o v e m e n t i o n e d  p r o c e d u r e s .  W a t e r  f r o m  t h e  S c h w e i t z e r  C r e e k  c o n t a i n e d  
0 , 6  ~g U / 1  - t w i c e  b a c k g r o u n d .  T h e  a n o m a l y  w a s  t r a c e d  b a c k  t o  a  b o g .  A n  
i n v e s t i g a t i o n  o f  w e l l  w a t e r s  i n  t h e  a r e a  s h o w e d  t h a t  g r o u n d w a t e r s  n e a r  
t h e  b o g  w e r e  a n o m a l o u s ,  a n d  t h e r e  w a s  a  p o s i t i v e  s t a t i s t i c a l  c o r r e l a t i o n  
" b e t w e e n  u r a n i u m  c o n c e n t r a t i o n  a n d  o r g a n i c  m a t e r i a l  f r o m  u r a n i f e r o u s  
g r o u n d w a t e r " .  T h e  s o u r c e  o f  t h e  u r a n i u m  w a s  t h o u g h t  t o  b e  i n  t h e  l o c a l  
b e d r o c k .  
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G a n g l o f f  e t  a Z .  ( 1 9 5 8 / 7 1 2 / )  s t a t e d  t h a t  " u n t i l  n o w  i t  h a s  a l w a y s  
a p p e a r e d  t h a t  t h e  d i r e c t  s e a r c h  f o r  u r a n i u m  i s  p r e f e r a b l e  t o  t h e  s e a r c h  
f o r  t h e  o t h e r  e l e m e n t s  w h i c h  g o  w i t h  i t ;  i n  s o m e  c a s e s J  t h e  d e t e r m i n a t i o n  
o f  l e a d  o r  o f  v a n a d i u m ,  f o r  i n s t a n c e J  b r o u g h t  n o  n e w  i n f o r m a t i o n "  ( p .  1 4 3 ) .  
F u r t h e r :  "  . . . . .  h y d r o g e o c h e m i s t r y ,  t h o u g h  e m p i r i c a l ,  b r i n g s  a  v e r y  
s u b s t a n t i a l  a d d i t i o n  t o  c o n v e n t i o n a l  m e t h o d s "  ( p .  1 4 3 ) .  T h e s e  a u t h o r s  
w e r e  i n t e r e s t e d  m a i n l y  i n  s u r f a c e  w a t e r s  ( l i k e  s o  m a n y  o t h e r  u r a n i u m  
h y d r o g e o c h e m i s t s  a t  t h a t  t i m e )  b u t  t h e y  a d d e d  t h a t  s p r i n g s  " m a y  p r o v i d e  
i n t e r e s t i n g  g u i d e s "  ( p .  1 4 7 ) .  T h e  f o l l o w i n g  a d d i t i o n a l  p o i n t s  r a i s e d  b y  
G a n g l o f f  e t  a Z .  a r e  w o r t h y  o f  n o t e :  ( i )  H y d r o g e o c h e m i s t r y  i s  a  p o w e r f u l  
m e a n s  o f  p r e l i m i n a r y  s u r v e y .  ( i i )  U r a n i u m  h y d r o g e o c h e m i s t r y  i s  s t r o n g l y  
i n f l u e n c e d  b y  c l i m a t e .  ( i i i )  H y d r o g e o c h e m i c a l  d a t a  c a n  r a r e l y  b e  a d e q u a t e l y  
c o n t o u r e d  a n d  s o m e  r e f e r e n c e  t o  l o c a l  b a c k g r o u n d  b e c o m e s  e s s e n t i a l  w h e n  
d i f f e r e n t  g e o l o g i c a l  f o r m a t i o n s  a r e  e n c o u n t e r e d .  A d d i t i o n a l l y ,  s o m e  k i n d  
o f  " c o r r e c t i o n  c o e f f i c i e n t "  b a s e d  o n  o v e r a l l  c h e m i c a l  c o m p o s i t i o n  o f  t h e  
w a t e r s  m u s t  b e  a p p l i e d  t o  t h e  r a w  u r a n i u m  d a t a .  
S m i t h  a n d  C h a n d l e r  ( 1 9 5 8 / 7 1 4 / )  d e s c r i b e d  i n  d e t a i l  a  d i b e n z o y l m e t h a n e  
c o l o r i m e t r i c  m e t h o d  f o r  t h e  d e t e r m i n a t i o n  o f  u r a n i u m  i n  n a t u r a l  w a t e r s  
i n  t h e  f i e l d .  T h e y  w e r e  c o n c e r n e d  a b o u t  t h e  c o n s e q u e n c e s  o f  l o s s  o f  
u r a n i u m  f r o m  s o l u t i o n  a s  a  r e s u l t  o f  n a t u r a l  p h e n o m e n a  o r  s a m p l i n g  p r o c e d u r e s .  
I t  w a s  t h e i r  v i e w  t h a t  t h e  m o s t  s e r i o u s  n a t u r a l  l o s s  o f  u r a n i u m  f r o m  m o s t  
s o l u t i o n s  w a s  d u e  t o  c o - p r e c i p i t a t i o n  w i t h  f e r r i c  h y d r o x i d e  o r  k a o l i n .  
L o s s  o f  d i s s o l v e d  u r a n i u m  f r o m  s a m p l e s  s t o r e d  i n  e i t h e r  g l a s s  o r  p o l y e t h y -
l e n e  b o t t l e s  w a s  n e g l i g i b l e  i f  t h e  s o l u t i o n  w a s  a c i d i f i e d  o r  i f  c o m p l e x -
- f o r m i n g  a n i o n s  w e r e  p r e s e n t .  
T h e  r e a d e r  w i l l  b e  a w a r e  b y  n o w  t h a t  t h e r e  i s  n o  d e a r t h  o f  a u t h o r s  
w h o  h a v e  s t a t e d  t h a t  a  t h o r o u g h  k n o w l e d g e  o f  t h e  r e g i o n a l  d i s t r i b u t i o n  
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o f  h y d r o g e o c h e m i c a l  b a c k g r o u n d  v a l u e s  f o r  u r a n i u m  i s  e s s e n t i a l  t o  t h e  
m o s t  e f f e c t i v e  u t i l i z a t i o n  o f  t h e  d a t a  o f  w a t e r  t e s t i n g  s u r v e y s  ( e . g .  
/ 6 4 0 ,  7 0 7 - 8 ,  7 1 2 ,  7 1 6 - 7 / ) .  S c o t t  a n d  B a r k e r  ( 1 9 5 8 / 7 1 5 / )  w e r e  t h e  f i r s t  
t o  t a c k l e  t h i s  p r o b l e m  o n  a  l a r g e  s c a l e  w h e n  t h e y  p r e s e n t e d  a  s y n t h e s i s  
o f  u r a n i u m  a n a l y s e s  o f  g r o u n d w a t e r s  f r o m  " m o s t  m a j o r  a n d  s o m e  m i n o r  
a q u i f e r s  t h r o u g h o u t  t h e  U n i t e d  S t a t e s " .  T o  f a c i l i t a t e  t h e  i n t e r p r e t a t i o n  
o f  t h e  d a t a ,  t h e y  d i v i d e d  t h e  c o n t e r m i n o u s  U . S . A .  i n t o  t e n  " g e o t e c t o n i c  
r e g i o n s "  o n  t h e  b a s i s  o f  t e c t o n i c s ,  g e o l o g y ,  p h y s i o g r a p h y  a n d  g r o u n d w a t e r  
p r o v i n c e s  / 6 4 3 - 4 / .  C o n t r a r y  t o  t h e  r e s u l t s  o f  s o m e  m o r e  l o c a l  s t u d i e s  
( e . g .  / 7 1 2 / ) ,  · t h e y  f o u n d ,  o n  t h e  b r o a d e r  s c a l e ,  t h a t  t h e r e  w a s  n o  g o o d  
c o r r e l a t i o n  b e t w e e n  e i t h e r  [ U ]  o r  [ R a ]  a n d  t h e  c o n c e n t r a t i o n  o f  a n y  m a j o r  
c o m p o n e n t s ,  b u t  t h a t  t h e  c o n c e n t r a t i o n  o f  u r a n i u m  w a s  " s o m e w h a t  h i g h e r "  
~n b i c a r b o n a t e  w a t e r s .  T h e  c o n c e n t r a t i o n s  o f  b o t h  U  a n d  R a  w e r e  a p p r o x i m a t e -
l y  l o g - n o r m a l l y  d i s t r i b u t e d  i n  t h o s e  r e g i o n s  f o r  w h i c h  s u f f i c i e n t  d a t a  we~e 
a v a i l a b l e .  T h e r e  w e r e  c o n s i d e r a b l e  v a r i a t i o n s  i n  a b u n d a n c e s  b e  t w e e n  r e g i o n s ,  
a n d  t h e  t h r e s h o l d  o f  a n o m a l o u s  c o n c e n t r a t i o n s  - s e t  b y  t h e m  a t  t h e  m e a n  
p l u s  t w o  s t a n d a r d  d e v i a t i o n s  - v a r i e d  f r o m  2 , 8  t o  4 5  ~g/1.* S a m p l e s  w i t h  
c o n c e n t r a t i o n s  a b o v e  t h e  t h r e s h o l d  v a l u e s  " s u g g e s t  l o c a l  a r e a s  w h e r e .  
u r a n i u m  p r o s p e c t i n g  m i g h t  b e  p r o f i t a b l e " .  T h e  a u t h o r s  a l s o  . r e c o m m e n d e d  
c o n s i d e r a t i o n  o f  t h e  U / T D S  r a t i o  a s  a  u s e f u l  t o o l  i n  t h o s e  c a s e s  w h e r e  
i n t e r p r e t a t i o n  i s  c o m p l i c a t e d  b y  t h e  i n f l u e n c e  o f  v a r i a b l e  d i l u t i o n .  
L a n d i s  ( 1 9 6 0 / 8 0 1 / )  u n d e r t o o k  a  c o m p r e h e n s i v e  s t u d y  o f  t h e  u r a n i u m  
c o n t e n t  o f  t h e  g r o u n d w a t e r s  o f  t h e  c e n t r a l  U . S . A . ,  w i t h  t h e  o b j e c t  o f  
d e l i n e a t i n g  p o t e n t i a l l y  u r a n i f e r o u s  a r e a s .  H i s  m a i n  c o n c l u s i o n s  a r e  a s  
f o l l o w s :  ( i )  T h e  m o b i l i t y  o f  u r a n i u m  i s  f a v o u r e d  b y  w a t e r s  w i t h  a  m a r k e d l y  
*  I n  t h e i r  T a b l e ,  p .  1 5 5 ,  t h i s  i s  m i s p r i n t e d  ~~g/1, o r  p i c o g r a m s  p e r  
l i t r e ,  w h i c h  w o u l d  b e  e q u i v a l e n t  t o  o n e  p a r t  i n  1 0
1 5
.  
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n o n - n e u t r a l  p H .  ( i i )  T h e  b a c k g r o u n d  v a l u e  f o r  t h e  c o n c e n t r a t i o n  o f  u r a n i u m  
i s  v e r y  c l e a r l y  i n f l u e n c e d  b y  l i t h o l o g y .  M e a n  v a l u e s  f o r  t h e  w a t e r s  o f  
v a r i o u s  r o c k  u n i t s  r a n g e  f r o m  l e s s  t h a n  1 , 0  t o  3 8  1 - 1 g / l .  ( i i i )  A n o m a l i e s  
c o u l d  b e  r e c o g n i z e d  b y  c o m p a r i n g  t h e  u r a n i u m  c o n t e n t  o f  a n  i n d i v i d u a l  
w a t e r  t o  t h e  r a n g e  o f  v a l u e s  f o u n d  i n  t h e  w a t e r s  o f  a  g i v e n  l o c a l  a r e a  
o r  l i t h o l o g i c a l  u n i t .  
L a n d i s  d i d  n o t  a t t e m p t  t o  a n a l y s e  h i s  d a t a  i n  t e r m s  o f  v a r i a b l e s  
o t h e r  t h a n  l i t h o l o g y ,  a n d  n o n e  o f  t h e  a n o m a l i e s  t h a t  w e r e  n o t e d  w e r e  
f o l l o w e d  u p .  
P h o e n i x  ( 1 9 6 0 / 8 9 8 / )  g a v e  a  b r o a d  g e n e r a l  a c c o u n t  o f  t h e  c h e m i s t r y  o f  
c e r t a i n  g r o u n d w a t e r s  i n  t h e  C o l o r a d o  P l a t e a u  r e g i o n ,  w h i c h  i s  o n e  o f  t h e  
p r i n c i p l e  u r a n i u m  p r o v i n c e s  o f  t h e  w o r l d .  
W a l t o n  ( 1 9 6 0 / 1 0 9 1 / )  d i s c u s s e d  g e o c h e m i c a l  e x p l o r a t i o n  f o r  u r a n i u m  
i n  t h e  R o c k y  M o u n t a i n s .  W a t e r  s a m p l i n g  ( s p r i n g s  e t c . )  w a s  u s u a l l y  a  
b e t t e r  g u i d e  t h a n  t h e  m e a s u r e m e n t  o f  r a d i o a c t i v i t y  b e c a u s e  s e v e r e  r a d i o -
a c t i v e  d i s e q u i l i b r i u m  occ~rs i n  t h i s  a r e a .  H o w e v e r ,  t h e  h y d r o g e o c h e m i c a l  
m e t h o d  w a s  n o t  o n e  h u n d r e d  p e r c e n t  e f f e c t i v e  e i t h e r .  
H e c h t  e t  a Z .  ( 1 9 5 8 / 7 1 6 / )  a d o p t e d  a n  i n t e r e s t i n g  a p p r o a c h  t o  t h e  
i n t e r p r e t a t i o n  o f  t h e  u r a n i u m  c o n t e n t  o f  t h e  m a n y  A u s t r i a n  s p r i n g  a n d  
o t h e r  s u b t e r r a n e a n  w a t e r s  t h a t  t h e y  a n a l y s e d .  N o t  o n l y  d i d  t h e y  c o n t r a s t  
t h e  s p r i n g  w a t e r s  o f  t e c t o n i c a l l y  d i f f e r e n t  a r e a s ,  b u t  t h e y  w e r e  a b l e  t o  
d e c l a r e  s o m e  a r e a s  t o  b e  a n o m a l o u s  b y  c o m p a r i s o n  o f  t h e  g r o u n d w a t e r  d a t a  
w i t h  t h e  u r a n i u m  c o n t e n t  o f  t h e  D a n u b e .  M a n y  u r a n i f e r o u s  s p r i n g s  w e r e  
a s s o c i a t e d  w i t h  m a j o r  A l p i n e  f a u l t  l i n e s  a n d  t h e  A l p i n e  s e d i m e n t a r y  
f o r m a t i o n s  g e n e r a l l y  y i e l d e d  h i g h e r  v a l u e s  t h a n  t h e  a s s o c i a t e d  c r y s t a l l i n e  
r o c k s , '  
C h e r v e t  a n d  C o u l o m b  ( 1 9 5 8 / 7 2 3 / )  w e r e  r e s p o n s i b l e  f o r  i m p o r t a n t  
e x p e r i m e n t a l  a n d  f i e l d  w o r k  o n  t h e  m o b i l i z a t i o n ,  m i g r a t i o n  a n d  f i x a t i o n  
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.  
o f  u r a n i u m .  T h e y  f o u n d  t h a t  u n d e r  s u i t a b l e  c o n d i t i o n s  - f o r  i n s t a n c e  
w h e r e  p y r i t e  a n d  f r e e  o x y g e n  a r e  a b u n d a n t  - t h e  d e s t r u c t i o n  o f  u r a n i u m  
m i n e r a l s  c a n  b e  v e r y  r a p i d .  A  t e s t  s a m p l e  o f  1 0  g  o f  w e a t h e r i n g  p i t c h -
b l e n d e  y i e l d e d  1 4 2  m g  o f  m o b i l i z e d  u r a n i u m  i n  2 0  d a y s .  S u c h  c o n d i t i o n s  
p r e v a i l  i n  m a n y  ( F r e n c h ? )  u r a n i u m  m i n e s ,  w h e r e  t h e  a u t h o r s  d e t e c t e d  
b e t w e e n  0 , 5  a n d  9 0  m g  U  p e r  l i t r e  i n  m i n e  w a t e r s .  T h e i r  e x p e r i m e n t s  
w i t h  i o n  e x c h a n g e r s  s h o w e d  t h a t  a t  p H  1 , 5  t o  4  t h e  u r a n i u m  f r o m  o r e s  
d i s s o l v e d  i n t o  w a t e r  u n d e r  l a b o r a t o r y  c o n d i t i o n s  e x i s t s  a s  u o
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A l t h o u g h  u r a n i u m  p h o s p h a t e  c o m p l e x e s  m a y  a l s o  b e  i m p o r t a n t  i n  s o m e  i n s t a n c e s ;  
t h e  a u t h o r s  c o n c l u d e  t h a t  a n y  s i g n i f i c a n t  m i g r a t i o n  o f  u r a n i u m  i n  n e a r -
- n e u t r a l  n a t u r a l  w a t e r s  m u s t  b e  i n  t h e  f o r m  o f  c a r b o n a t e  c o m p l e x e s  a n d  
t h a t  t h e r e f o r e  " t h e  l o n g  r a n g e  c i r c u l a t i o n  o f  u r a n i u m  i s  c o n t r o l l e d  b y  
t h e  c a r b o n a t e  c o n c e n t r a t i o n  o f  t h e  w a t e r s  • • • • •  "  I n  t h e i r  s u p p l e m e n t a r y  
f i e l d  w o r k  t h e  a u t h o r s  w e r e  n o t  p a r t i c u l a r l y  c o n c e r n e d  w i t h  t h e  d i s t i n c t i o n  
b e t w e e n  s u r f a c e  a n d  s u b - s u r f a c e  w a t e r s .  T h e y  f o u n d  t h e  " n o r m a l "  r a n g e  
o f  [ U ]  i n  u r a n i f e r o u s  p r o v i n c e s  t o  b e  f r o m  0 , 1  t o  1 0 0 0  ~g/1, w i t h  h i d d e n  
m i n e r a l i z a t i o n  i n d i c a t e d  b y  v a l u e s  o f  1  - 2 0  m g / 1  s p r e a d  o v e r  s e v e r a l  
k i l o m e t r e s  ( a  h i g h  c o n c e n t r a t i o n  b y  w o r l d w i d e  s t a n d a r d s ) .  T o t a l  a n a l y s e s  
o f  u r a n i u m - r i c h  w e l l - w a t e r  f r o m  V e r n e i x  r e v e a l e d  t h a t  t h e  a b u n d a n c e  o f  
u r a n i u m  ( 2  t o  1 2 4 2  ~g/1) w a s  " r e l a t e d  t o  t h e  a m o u n t  o f  b i c a r b o n a t e "  i n  
s o l u t i o n  a n d  t o  T D S ,  b u t  n o t  t o  a n y  o t h e r  i n d i v i d u a l  m a j o r  c o m p o n e n t s .  
A c c o r d i n g  t o  t h e  a u t h o r s ,  t h e  i m p o r t a n t  p r o c e s s e s  t h a t  i m m o b i l i z e  u r a n i u m  
a r e  a s  f o l l o w s :  ( i )  e v a p o r a t i o n .  ( { i )  p r e c i p i t a t i o n  a s  i n s o l u b l e  p h o s p h a t e  
( a u t u n i t e ) ,  c o m m o n l y  a s  a - r e s u l t  o f  i n d i r e c t  r e a c t i o n  w i t h  a p a t i t e :  
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( i i i )  f o r m a t i o n  o f  u r a n i u m  s i l i c a t e s  a n d  o x i d e s ,  e s p e c i a l l y  w h e n  [ R e o ; ]  
i s  l o w .  ( i v )  e n c o u n t e r  w i t h  r e d u c i n g  s u b s t a n c e s  s u c h  a s  o r g a n i c  m a t t e r  
o r  H
2
s  ( c f .  M i l l e r  / 7 2 4 / ) .  ( v )  f i x a t i o n  o n  n a t u r a l  a n i o n i c  o r  c a t i o n i c  
e x c h a n g e r s  s u c h  a s  c l a y s  a n d  h u m u s .  T h e s e  r e a c t i o n s  a r e  g e n e r a l l y  
r e v e r s i b l e ,  a t  l e a s t  t o  a  d e g r e e .  ( v i )  a c c u m u l a t i o n  b y  p l a n t s .  
M i n g a r r o  a n d  C a t a l i n a  ( 1 9 5 8 / 7 2 5 )  u s e d  o p t i c a l  s p e c t r o g r a p h i c  
t e c h n i q u e s  t o  d e t e r m i n e  C u ,  V ,  F e ,  A g ,  C a ,  N a ,  M g ,  K ,  S i ,  A l  a n d  U  ( t h e  
l a t t e r  b y  t h e  m e t h o d  o f  G e r l a c h , a n d  R i e d l  / 6 6 4 / )  i n  w a t e r s  f r o m  S p a n i s h  
w e l l s ,  s p r i n g s ,  m i n e s  a n d  o t h e r  s o u r c e s .  T h e y  f o u n d  t h a t  t h e  t y p e  o f  o r e  
l o d e  r e s p o n s i b l e  f o r  a  h y d r o g e o c h e m i c a l  u r a n i u m  a n o m a l y  c o u l d  b e  i d e n t i f i e d  
b y  s t u d y i n g  t h e  a s s o c i a t i o n  o f  V ,  F e ,  C u ,  A g  a n d  U .  T h r e s h o l d  v a l u e s  ( t h r e e  
t i m e s  b a c k g r o u n d )  w e r e  e s t a b l i s h e d  a t  1  m g / 1  f o r  U  a n d  0 , 0 1  m g / 1  f o r  s i l v e r ,  
a n d  s a m p l e s  a n o m a l o u s  i n  e i t h e r  o f  t h e s e  e l e m e n t s  w e r e  p l o t t e d  o n  a  t e r n a r y  
F e  - C u ( x l O )  - V ( x l O O )  d i a g r a m .  C e r t a i n  r e g u l a r i t i e s  w e r e  n o t e d ;  t h u s  
s a m p l e s  a n o m a l o u s  i n  b o t h  U  a n d  A g  a l w a y s  c o n t a i n e d  s i g n i f i c a n t  a m o u n t s  
o f  e a c h  o f  V ,  F e  a n d  C u .  C h a n g e s  i n  t h e  l i t h o l o g y  o f  t h e  f o r m a t i o n s  
y i e l d i n g  t h e  w a t e r  s a m p l e s  w e r e  c l e a r l y  r e f l e c t e d  i n  t h e  d i a g r a m .  T h e  
a u t h o r s  w e r e  c a r e f u l  t o  s t r e s s  t h a t  t h e s e  p h e n o m e n a  m a y  b e  n o  m o r e  t h a n  
a  l o c a l  " g e o c h e m i c a l  c h a r a c t e r i s t i c  o f  t h e  r e g i o n "  s t u d i e d .  
D a l l  ' A g l i o  a n d  T o n a n i  ( I t a l y ;  1 9 6 2 / 8 9 1 / )  d e m o n s t r a t e d  t h a t  t h e  
c o n c e n t r a t i o n  o f  u r a n i u m  i n  n a t u r a l  w a t e r s  g e n e r a l l y  i n c r e a s e s  l i n e a r l y  
w i t h  T D S .  T h i s  s u g g e s t s  t h a t  u n d e r  m o s t  c o n d i t i o n s  t h e  r a t e  o f  
d i s s o l u t i o n  o f  u r a n i u m  p r o c e e d s  a t  a b o u t  t h e  s a m e  r a t e  a s  t h e  d i s s o l u t i o n  
o f  t h e  o t h e r  m a j o r  m i n e r a l  c o m p o n e n t s  o f  r o c k s .  
A  s u m m a r y  o f  t h e  a v a i l a b l e  i n f o r m a t i o n  o n  t h e  l e a c h i n g . a n d  m i g r a t i o n  
o f  r a d i o e l e m e n t s  n o r m a l l y  a s s o c i a t e d  w i t h  u r a n i u m  w a s  g i v e n , b y  A d l e r  
"~ 
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( 1 9 5 8 / 6 6 7 / ) .  H e  n o t e d  t h a t  t h e  d e a r t h  o f  P b  a n d  R a i n  s e c o n d a r y  u r a n i u m  
d e p o s i t s  c o r r e s p o n d e d  w e l l  w i t h  t h e  t e n d e n c y  o f  t h e s e  t w o  e l e m e n t s  t o  
s t a y  b e h i n d  a n d  c o n c e n t r a t e  i n  o x i d i z i n g  p r i m a r y  d e p o s i t s .  L e a d  i s  v e r y  
i n s o l u b l e  i n  c a r b o n a t e / s u l p h a t e  s o l u t i o n s ,  w h i c h  a r e  p o s s i b l y  t h e  m o s t  
f r e q u e n t  t r a n s p o r t e r s * o f  u r a n i u m ,  a n d  P b  i s  a l s o  r e a d i l y  a b s o r b e d  f r o m  
g r o u n d w a t e r s  b y  i r o n  a n d  m a n g a n e s e  o x i d e s  i n  f i n e  g r a i n e d  s e d i m e n t a r y  
m a t e r i a l s .  H o w e v e r ,  s m a l l  a m o u n t s  o f  b a r i t e  c o n t a i n i n g  R a  m a y  b e  d e p o s i t e d  
f r o m  g r o u n d w a t e r s  a l o n g  w i t h  s e c o n d a r y  u r a n i u m  m i n e r a l s .  A l t h o u g h  t h e  
s m a l l  a m o u n t s  o f  P b  a n d  R a  t r a n s p o r t e d  w i t h  U  a r e  g e n e r a l l y  s u f f i c i e n t  
f o r  v e r y  c a r e f u l  i s o t o p i c  s t u d i e s  t h a t  m a y  h a v e  b o t h  t h e . o r e t i c a l  a n d  
e c o n o m 1 c  s i g n i f i c a n c e ,  t h e y  a r e  n e v e r t h e l e s s  i n a d e q u a t e  a s  h y d r o g e o c h e m i c a l  
p a t h f i n d e r s .  
I s o t o p i c  s t u d i e s  b y  R o s h o l t  / 6 6 9 /  t e n d e d  t o  c o n f i r m  t h a t  t h e  u s e  o f  
e l e m e n t s  s u c h  a s  r a d i u m  f e l l  m o r e  n a t u r a l l y  i n t o  t h e  r e a l m  o f  t h e  g e o -
p h y s i c i s t ,  a n d  t h a t  p h y s i c a l  ( r a d i o m e t r i c )  r a t h e r  t h a n  c h e m i c a l  m e a s u r e -
m e n t s  o f  s u c h  r a d i o n u c l i d e s  i n  s p r i n g  a n d  g r o u n d w a t e r s  a r e  o f  g r e a t e r  
i n t e r e s t  t o  t h e  p r o s p e c t o r .  
W o o d m a n s e e  ( 1 9 5 8 / 7 3 0 / ) ,  f o l l o w i n g  e a r l i e r  w o r k e r s  / 6 3 6 ,  6 4 7 ,  6 8 1 - 2 ,  
6 7 5 - 7 ,  6 7 9 / ,  p r e s e n t e d  t h e  r e s u l t s  o f  a  d e t a i l e d  i n v e s t i g a t i o n  o f  t h e  
r e l a t i o n s h i p  b e t w e e n  t h e  g r o u n d w a t e r  r e g i m e  a n d  s o m e  u r a n i u m  d e p o s i t s  
o f  t h e  U . S . A .  H e  s t a t e s  t h a t  " M a n y  u r a n i u m  d e p o s i t s  i n  c l a s t i c  s e d i m e n t a r y  
h o s t  r o c k s  a r e  a s s o c i a t e d  w i t h  p r e s e n t - d a y  w a t e r  t a b l e s  o r  a r e  c o n s i d e r e d  
t o  h a v e  b e e n  r e l a t e d  t o  p a s t  g r o u n d w a t e r  c o n d i t i o n s " .  I f  o n e  a c c e p t s  t h a t  
t h e s e  " d e p o s i t s ,  w e r e  f o r m e d  a n d  a r e  f o r m i n g  e p i g e n e t i c a l l y  b y  t h e  p r e c i -
p i t a t i o n  a n d  c o n c e n t r a t i o n  o f  u r a n i u m  f r o m  g r o u n d w a t e r  s o l u t i o n s " ,  t h e n  
*  M i l l e r  ( 1 9 5 8 / 9 4 4 / )  s h o w e d  t h a t  u n d e r  c e r t a i n  c i r c u m s t a n c e s  U  i s  t r a n s -
p o r t e d  a s  a  s u l p h a t o - c o m p l e x .  
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" d i r e c t i o n s  o f  m i g r a t i o n  a n d  p o s i t i o n s  o f  w a t e r  t a b l e s ,  b o t h  p a s t  a n d  
p r e s e n t ,  a r e  i m p o r t a n t  i n  t h e  s e a r c h  f o r  o r e  d e p o s i t s  i n  u r a n i u m - m i n i n g  
d i s t r i c t s " .  H o w e v e r ,  " s u c h  . . . . .  i n v e s t i g a t i o n s  a r e  d i f f i c u l t  o r  
i m p r a c t i c a b l e  i n  m a n y  d i s t r i c t s  . . . . .  "  a n d  b y  1 9 5 8  l i t t l e  a t t e n t i o n  h a d  
b e e n  g i v e n  t o  t h e  p r o b l e m s  i n v o l v e d .  W o o d m a n s e e  s u m m a r i z e s  t h e  a v a i l a b l e  
i n f o r m a t i o n  i n  r e s p e c t  o f  o r e b o d i e s  r e l a t e d  t o  p r e s e n t  d a y  w a t e r  t a b l e s  
( f r o m  n e a r  s u r f a c e  t o  v e r y  d e e p )  i n  s e v e r a l  l o c a t i o n s  i n  t h e  U . S . A .  H e  
n o t e s  t h a t  s u c h  s t u d i e s  c a n  h a v e  a n  i m m e d i a t e  a n d  c o n s i d e r a b l e  p r a c t i c a l  
i m p o r t a n c e ,  s i n c e  " d r i l l i n g  t o  z o n e s  w h e r e  f a v o u r a b l e  f o r m a t i o n s  a r e  
i n t e r s e c t e d  b y  w a t e r  t a b l e s  a t  d e p t h s  o f  2 0 0  t o  8 0 0  f e e t  h a s  p r o d u c e d  
h i g h l y  f a v o u r a b l e  r e s u l t s  i n  e x p l o r a t i o n  f o r  u r a n i u m "  i n  c e r t a i n  s t r a t a .  
T h i s  a s s o c i a t i o n  o f  u r a n i u m  o r e  w i t h  t h e  w a t e r  t a b l e  m a y  b e  t h e  r e s u l t  
o f  s u p e r g e n e / l a t e r a l  e n r i c h m e n t  p r o c e s s e s  f o l l o w i n g  t h e  r e l a t i v e l y  r a p i d  
d e s t r u c t i o n  o f  u r a n i u m  m i n e r a l s  i n  t h e  p r e s e n c e  o f  f r e e  o x y g e n  a n d  v a d o s e  
w a t e r ,  t h e  u r a n i u m  b e i n g  r e d e p o s i t e d  i n  t h e  r e l a t i v e l y  r e d u c i n g  e n v i r o n -
m e n t  b e l o w  t h e  w a t e r  t a b l e .  
( T h e  r e d o x  p o t e n t i a l  f o r  u
4
+  +  u
6
+  i s  0 , 4 l v  
/ 7 3 7 / ) .  T h i s  r e l a t i o n s h i p  i s  w e l l  i l l u s t r a t e d ,  f o r  e x a m p l e ,  i n  t h e  
M a y b e l l  d i s t r i c t  o f  C o l o r a d o ,  w h e r e  t h e  l o c a t i o n  a n d  d e g r e e  o f  o x i d a t i o n  
o f  t h e  u r a n i u m  i s  c l e a r l y  r e l a t e d  t o  t h e  p r e s e n t  w a t e r  t a b l e .  I n  a d d i t i o n ,  
" p r e - e x i s t i n g  w a t e r  t a b l e s  a r e  i n d i c a t e d  b y  t h e  p r e s e n c e  o f  u r a n i u m ,  
.  
c a r b o n a t e  a n d  i r o n - o x i d e  m i n e r a l  c o n c e n t r a t i o n s  i n  h o r i z o n t a l  l a y e r s ,  
t r a n s v e r s e  t o  d i p  a n d  c r o s s b e d d i n g  i n  t h e  h o s t  s a n d s t o n e " .  S i m i l a r  " m a g i c  
c o n t o u r s "  d e f i n i n g  t h e  l o c a t i o n  o f  u r a n i u m  o r e  d e p o s i t s  h a v e  b e e n  n o t e d  i n  
s e v e r a l  u r a n i u m - p e t r o l e u m  d i s t r i c t s  o f  t h e  U . S . A .  ( f o r  e x a m p l e  S a n  R a f a e l  
S w e l l ,  U t a h )  a n d  a r e  a s c r i b e d  t o  p a l e o - o i l / w a t e r  o r  g a s / w a t e r  i n t e r f a c e s  
/ 7 3 1 - 2 / .  H o w e v e r ,  n o t  a l l  u r a n i u m  d e p o s i t s  i n  p e t r o l i f e r o u s  a r e a s  a r e  
d i r e c t l y  r e l a t e d  t o  t h e  p e t r o l e u m  d e p o s i t s ,  s i n c e  r e d u c i n g  o i l f i e l d  w a t e r s  
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o f t e n  m i g r a t e  f o r  s o m e  d i s t a n c e  b e f o r e  e n c o u n t e r i n g  a n d  m i n g l i n g  w i t h  
o x i d i z i n g ,  u r a n i u m - r i c h  s o l u t i o n s . ·  
W o o d m a n s e e  a l s o  p o i n t s  o u t  t h a t  i t  m a y  b e  p r o f i t a b l e  t o  p a y  a t t e n t i o n  
t o  t h e  d e t a i l s  o f  p a s t  o r  p r e s e n t  l a t e r a l  m o v e m e n t  o f  g r o u n d w a t e r  v i a  
p a l e o c h a n n e l s ,  e t c . ,  s i n c e  t h e s e  m a y  h a v e  s o m e  c o n t r o l  o v e r  t h e  e v e n t u a l  
l o c a t i o n  o f  s e c o n d a r y  a c c u m u l a t i o n  o f  u r a n i u m  m i n e r a l s .  
T h e  f i r s t  m a j o r  h y d r o g e o c h e m i c a l  s t u d y  o f  u r a n i u m  i n  S w e d e n  w a s  
c a r r i e d  o u t  b y  A r m a n d s  a n d  L a n d e r g r e n  i n  1 9 5 8 - 1 9 6 0  a n d  w a s  r e p o r t e d  b y  
t h e m  i n  1 9 6 0  a n d  1 9 6 7  ( / 7 0 0 - 1 / ) .  T h e s e  a u t h o r s  s t i l l  r e g a r d e d  t h i s  w o r k  
a s  s o m e t h i n g  o f  a  n o v e l t y :  " I n  a d d i t i o n  t o  t h e  m o r e , ,  . .  :o~~ntional m e t h o d s  
u s e d  i n  p r o s p e c t i n g  f o r  u r a n i u m ,  g e o c h e m i c a l  i n v e s t i g a t i o n s  w e r e  a l s o  
c a r r i e d  o u t  i n  t h e  r e g i o n  • . . . •  "  T h e y  a n a l y s e d  s o i l ,  v e g e t a t i o n  a n d  
w a t e r  f r o m  b o g  d e p o s i t s  n o r t h  o f  t h e  A r c t i c  C i r c l e .  T h e  l o c a l  g e o l o g y  
i s  c o m p l e x  a n d  i n c l u d e s  g r a n i t e s ,  m a f i c s ,  s e d i m e n t a r y  r o c k s ,  i r o n s t o n e s  
a n d  q u a t e r n a r y  m o r a i n e  d e p o s i t s .  U r a n i u m  w a s  d e t e r m i n e d  i n  t h e  w a t e r  b y  
f l u o r i m e t r y ,  i n  c o n j u n c t i o n ,  a t  t i m e s ,  w i t h  i o n - e x c h a n g e  c o n c e n t r a t i o n .  
R a d o n ,  p H  a n d  E h  w e r e  a l s o  m e a s u r e d ,  t o g e t h e r  w i t h  t o t a l  h a r d n e s s ,  s p e c i f i c  
c o n d u c t a n c e  a n d ,  i n  s o m e  s a m p l e s ,  t o t a l  m a j o r  i o n  a b u n d a n c e s .  T D S  w a s  
t y p i c a l l y  a r o u n d  1 5 0  m g / 1 ,  C a + +  u p  t o  1 6  a n d  b i c a r b o n a t e  i o n  u p  t o  9 4  m g / 1 ,  
w i t h  p H  v a l u e s  o f  a r o u n d  7 , 7 .  I n  t h i s  w e t  c l i m a t e  t h e  s o u r c e  o f  t h e  w a t e r  
s a m p l e  h a d  a  v e r y  i m p o r t a n t  b e a r i n g  o n  u r a n i u m  p r o s p e c t i n g .  S a m p l e s  c o u l d  
b e  o b t a i n e d  f r o m  s e e p a g e s ,  d r i l l  h o l e s ,  r e s e r v o i r s ,  s t r e a m s ,  r i v e r s ,  w e l l s  
a n d  s p r i n g s ,  b u t  t h e  l a s t  t w o  o f  t h e s e  s o u r c e s  w e r e  e a s i l y  t h e  m o s t  i m p o r t a n t  
f o r  p r o s p e c t i n g  p u r p o s e s .  T h e  m o s t  h i g h l y  r a d i o a c t i v e  w a t e r s  t h a t  t h e y  
e n c o u n t e r e d  w e r e  e m e r g i n g  f r o m  t h e  b e d r o c k  v i a  s p r i n g s  o r  d r i l l  h o l e s  a n d  
c o n t a i n e d  u p  t o  1 , 8  m g  U  p e r  l i t r e .  H o w e v e r ,  m a n y  s a m p l e s  o f  w a t e r  e x t r a c t e d  
f r o m  s o i l s  u p s l o p e  o f  t h e  b o g  c o n t a i n e d  o n l y  2 - 3  ~g/1, a n d  t h e  a u t h o r s  
o b s e r v e d  t h a t · "  . . . . .  t h e  m i n e r a l o g i c a l  c o m p o s i t i o n  o f  t h e  s u r f a c e  s o i l s  
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h a s  a  d e c i s i v e  ( n e g a t i v e )  e f f e c t  o n  t h e  c o n t e n t  o f  m e t a l  c a t i o n s  i n  t h e  
g r o u n d w a t e r  • • • •  " .  W a t e r  f r o m  t h e  b o g  i t s e l f  c o n t a i n e d  c o n s i d e r a b l y  m o r e  
u r a n i u m ,  o f t e n  u p  t o  1 0 0  ~g/1 a n d  s o m e t i m e s  m o r e .  
S o m e  2 5 0  s p r i n g s  o c c u r  i n  t h e  a r e a  a n d  t h e  w a t e r  i s s u i n g  f r o m  t h e m  
" p a r t i a l l y  c o n s i s t s  o f  i n t r a - b e d r o c k  w a t e r " .  A p p a r e n t l y  m o s t  o f  t h e s e  
s p r i n g s  w e r e  s a m p l e d  a n d  a n a l y s e d  f o r  U  a n d  R n .  T h e r e  w a s  a  m a r k e d  
g e n e r a l  e l e v a t i o n  o f  [ U ]  a n d / o r  [ R n ]  i n  " s p r i n g s  • • • •  l o c a t e d  i n  t o p o -
g r a p h i c a l l y  m a r k e d  d e p r e s s i o n s  w h i c h  a r e  t o  s o m e  e x t e n t  d u e  t o  c o n t a c t  
z o n e s  b e t w e e n  · r o c k s ,  o r  t o  f r a c t u r e  a n d  f i s s u r e  z o n e s  i n  t h e  b e d r o c k  • • • •  "  
H o w e v e r ,  t h e r e  w a s  n o  g e n e r a l  r e l a t i o n s h i p  b e t w e e n  t h e  c o n c e n t r a t i o n s  o f  
r a d o n  a n d  u r a n i u m  a n d  a l t h o u g h  b o t h  e l e m e n t s  p r o v e d  t o  b e  g o o d  p a t h f i n d e r s ,  
t h e  l a t t e r  w a s  a p p a r e n t l y  s u p e r i o r  i n  t h i s  r e s p e c t .  L i k e  s e v e r a l  o t h e r  
i n v e s t i g a t o r s ,  A r m a n d s  a n d  L a n d e r g r e n  f o u n d  t h a t  t h e  p r e s e n c e  o f  b i c a r b o n a t e  
w a s  e s s e n t i a l  f o r  t h e  m o b i l i z a t i o n  o f  u r a n i u m ,  a n d  t h e y  c o n s i d e r e d  t h e  
m o b i l e  s p e c i e s  t o  b e  u r a n y l  b i c a r b o n a t e .  T a b l e  1  i s  a  s u m m a r y  o f  t h e  
u r a n i u m  d a t a  f o r  t h e  s p r i n g  w a t e r s .  T h e s e  c o n t r a s t  s h a r p l y  w i t h  a n a l y s e s  
o f  w a t e r s  f r o m  a  b a c k g r o u n d  a r e a  ( T a b l e  2 ) .  
S e v e r a l  o t h e r  e l e m e n t s  w e r e  s o u g h t  i n  t h e s e  s p r i n g  w a t e r s  b y  s p e c t r o -
g r a p h i c  m e t h o d s ,  w i t h  d e t e c t i o n  l i m i t s  o f  0 , 0 5  t o  0 , 3  m g / 1 .  T h e  i m p o r t a n t  
o n e s  w e r e  S r ,  B a ,  F e ,  N i ,  C u ,  M n ,  P h ,  a n d  P  b u t  n o n e  o f  t h e s e  p r o v e d  t o  
b e  a  u s e f u l  a u x i l i a r y  p a t h f i n d e r .  
T h e  a u t h o r s  w e r e  a l s o  i n t e r e s t e d  i n  w h a t  o c c u r r e d  w h e n  t h e  s p r i n g  
( " i n t r a b e d r o c k " )  w a t e r s  m i x e d  w i t h  r e l a t i v e l y  a c i d i c  m a n g a n i f e r o u s  p e a t  
w a t e r s  o f  t h e  b o g s .  I t  w a s  f o u n d  t h a t  s e v e r a l  r a d i o e l e m e n t s  w e r e  c o m m o n l y  
c o - p r e c i p i t a t e d  a l o n g  w i t h  h y d r o x i d e s  a n d  o x i d e s  o f  M n ,  b u t  n o t  t h e  u r a n i u m ,  
w h i c h  s u r v i v e d  f o r  a  l i t t l e  l o n g e r  a n d  t h e n  b e c a m e  f i x e d  b y  t h e  p e a t  i t s e l f .  
T h i s  w a s  w h o l l y  i n  a g r e e m e n t  w i t h  t h e  e a r l i e r  f i n d i n g s  o f  S z a l a y  ( 1 9 5 1 - 1 9 5 8  
/ 5 8 2 ,  7 0 3 ,  7 1 8 - 7 2 1 / )  a n d  o t h e r s  / 7 2 2 ,  5 4 3 ,  5 9 3 /  w h o  h a d  s h o w n  c l e a r l y  t h a t  
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T  A  B  L  E  1 / 7 0 0 /  
D i s t r i b u t i o n  o f  u r a n i u m  i n  s p r i n &  w a t e r  f r o m  t h e  M a s u g n s b y n  a r e a  
C o n c e n t r a t i o n  r a n g e  
( ] . J g  U / 1 )  
> 1 0 0  
1 0 0 - 5 0  
5 0 - 2 5  
2 5 - 1 5  
< 1 5  
a  
B a c k g r o u n d  v a l u e  
A v e r a g e  c o n t e n t  o f  
u r a n i u m  ( J . J g / 1 )  
7 3 0  
7 4  
3 9  
1 7  
6 a  
N u m b e r  o f  
s p r i n g s  
4  
3  
1 5  
1 4  
1 9 0  
P e r c e n t a g e  
d i s t r i b u t i o n  o f  
s p r i n g s  
1 , 8  
1 , 3  
6 , 7  
6 , 2  
8 4 , 0  
. . .  
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T A B  L  E  
2 / 7 0 0 /  
U r a n i u m  c o n t e n t ,  p H ,  a n d  s p e c i f i c  c o n d u c t i v i t y  o f  w a t e r  
f r o m  c e n t r a l  S w e d e n  
K i n d  o f  w a t e r  
S u r f a c e  w a t e r  f r o m  
n o n - r a d i o a c t i v e  r e g i o n s  
S u r f a c e  w a t e r  f r o m  
r a d i o a c t i v e  r e g i o n s  
W a t e r  f r o m  i r o n  o r e  m i n e s  
( n o n - r a d i o a c t i v e )  
S p r i n g  w a t e r  
a  
A v e r a g e  c o n t e n t  
o f  u r a n i u m  (~g/1) 
< 1 , 0  
3 f 0  
0 , 5 - 2 , 0  
3 , 5  
p H  
r a n g e  
7 ,  3 - 4 , 5  
7 , 0 - 6 ,  7  
7 ,  7 - 6 , 4  
7 , 6 - 6 , 2  
S p e c i f i c  c o n d u c t i v i t y  
- 6  
(  1 0  m h o /  e m )  
3 1 ,  7  
3 1 ,  7  
a b o u t  1 0 0  
4 1  
'  a  W a t e r  f r o m  m i n e s  c o n t a i n i n g  u r a n i u m  m i n e r a l s  m a y  h a v e  c o n t e n t s  > 2 0 0 0  ~g U / 1 ,  
e . g .  t h e  S t r i p a  M i n e  i n  c e n t r a l  S w e d e n .  
8 9 .  
p e a t  a n d  c e r t a i n  o t h e r  b i o l o g i c a l  m a t e r i a l s  w e r e  c a p a b l e ,  t h r o u g h  r e v e r s i b l e  
i o n - e x c h a n g e  p r o c e s s e s ,  o f  g e o c h e m i c a l  e n r i c h m e n t s  b y  f a c t o r s  o f  1 0
4  
w i t h  
r e s p e c t  t o  d i l u t e  s o l u t i o n s  o f  u r a n y l  i o n s .  I n  t h i s  w a y  t h e  S w e d i s h  p e a t  ·  
b o g  h a d  s e r v e d  a s  a  c o l l e c t o r  f o r  u r a n i u m  a n d  t h e  o r e  i n  t h e  b o g  w a s  f o r m e d  
b y  a  c o n t i n u o u s ,  s l o w  r e m o v a l  o f  t h i s  e l e m e n t  f r o m  t h e  i n t r a b e d r o c k  w a t e r .  
T h e  a u t h o r s  s h o w e d  i n  l e a c h i n g  e x p e r i m e n t s  u s i n g  l o c a l  w a t e r s  a n d  
c r u s h e d  l o c a l  r o c k s  t h a t  l e a c h i n g  b y  g r o u n d w a t e r  c o u l d  a c c o u n t  f o r  a l l  
o f  t h e  u r a n i u m  p r e s e n t  i n  t h e  b o g  o r e s .  H o w e v e r ,  t h e y  r e c o g n i z e d  t h e  
p o s s i b i l i t y  t h a t  s o m e  o f  t h e  u r a n i u m  m a y  h a v e  c o m e  f r o m  a n  u n k n o w n  l o c a l  
u r a n i u m  o r e b o d y ,  p r o b a b l y  p e g m a t i t i c .  T h e y  d i d  n o t  p r o c e e d  t o  a  s e a r c h  
f o r  t h i s  p o t e n t i a l  l o d e ,  b u t  c o n c l u d e d  t h a t  " a  t h o r o u g h  i n v e s t i g a t i o n  o f  
t h e  w a t e r  s y s t e m s ,  i n c l u d i n g  t h e i r  c h e m i s t r y ,  o r i g i n ,  f l o w  a n d  d r a i n a g e  
p a t t e r n s ,  a r e  m o s t  i m p o r t a n t  i n  t h e  s e a r c h  f o r  t h e  u r a n i u m  s o u r c e "  ( p .  1 5 3 ) .  
K e y s  a n d  D o d d  ( 1 9 5 8 / 7 3 5 / )  s u m m a r i z e d  t h e  p e r t i n e n t  i n f o r m a t i o n  
a v a i l a b l e  a t  t h a t  t i m e  o n  t h e  h y d r o c h e m i c a l  m o v e m e n t  o f  u r a n i u m  t h r o u g h  
s e d i m e n t a r y  r o c k s .  T h e y  n o t e d  t h a t  f o r  a n y  l o n g - r a n g e  t r a n s p o r t a t i o n  o f  
u r a n i u m  t o  o c c u r  t h e  t r a n s p o r t i n g  s o l u t i o n s  w o u l d  h a v e  t o  b e  i n  f a i r l y  
g o o d  c h e m i c a l  e q u i l i b r i u m  w i t h  t h e  c o u n t r y  r o c k s .  C i t i n g  e a r l i e r  w o r k s  
/ 5 6 8 ,  5 7 5 ,  6 8 3 ,  7 3 6 / ,  t h e y  s t r e s s e d  t h e  r o l e  o f  F e + +  a n d  c l a y s  i n  t h e  
d i m i n u t i o n  o f  [ U ]  i n  n a t u r a l  w a t e r s .  C l a y s  m a y  i m m o b i l i z e  u
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+  t h r o u g h  
b a s e  e x c h a n g e ,  a b s o r p t i o n ,  o r  t h r o u g h  t h e  " r e d u c t i v e  c a p a c i t y  o f  t r a p p e d  
i o n s  i n  t h e  c l a y "  ( p .  3 7 7 ) .  
P e a c o c k  ( 1 9 6 1 / 8 3 4 / )  s u m m a r i z e d  h y d r o g e o c h e m i c a l  d a t a  ( s u r f a c e  a n d  
u n d e r g r o u n d  w a t e r )  a c c u m u l a t e d  d u r i n g  t h e  a s s e s s m e n t  o f  u r a n i u m  m i n e r a l  
r e s o u r c e s  i n  G r e a t  B r i t a i n  ( 1 9 5 6 - 1 9 5 8 ) ,  a n d  g i v e s  r e f e r e n c e s  t o  s e v e r a l  
p a p e r s  d e a l i n g  w i t h  c o l o r i m e t r i c  a n d  f l u o r i m e t r i c  a n a l y t i c a l  m e t h o d s .  T h e  
a v e r a g e  b a c k g r o u n d  v a l u e  i n  w a t e r s  f r o m  v a r i o u s  r e g i o n s  w a s  1  ~g/1 o r  l e s s .  
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H i g h e r  b a c k g r o u n d  v a l u e s  w e r e  n o t e d  i n  d o l o m i t i c  a r e a s  a n d  t h i s  w a s  
a t t r i b u t e d  t o  a  c o m b i n a t i o n  o f  h i g h  [ H c o ; ]  a n d  e l e v a t e d  c o n c e n t r a t i o n s  
o f  u r a n i f e r o u s  p h o s p h a t e s  i n  t h e  l i m e s t o n e .  I t  i s  i n t e r e s t i n g  t o  n o t e  
t h a t  i n  a t  l e a s t  o n e  a n o m a l o u s  w a t e r  ( 5 0  u g / 1 )  t h e  g r e a t e r  p a r t  o f  t h e  
m a s s  o f  u r a n i u m  w a s  i n  s u s p e n s i o n ,  a n d  o n l y  a b o u t  1  u g / 1  w a s  i n  t r u e  
s o l u t i o n .  W a t e r s  f r o m  a  d i s u s e d  u r a n i u m  m i n e  c o n t a i n e d  3 0 - 5 0  u g /  U / 1 ,  
b u t  t h e  c o n c e n t r a t i o n  o f  U  i n  t h e r m a l  w a t e r s  w a s  n o t  i n  a n y  w a y  p e c u l i a r .  
I n  s o m e  a r e a s  [ U ]  w a s  s t r o n g l y  d e p e n d a n t  u p o n  t h e  " w e a t h e r  c o n d i t i o n s  
i m m e d i a t e l y  p r e c e d i n g  t h e  c o l l e c t i o n  o f  s a m p l e s " .  T h e  c o n c e n t r a t i o n  o f  
u r a n i u m  i n  n a t u r a l  w a t e r s  s h o w s  a  s h a r p  p o s i t i v e  p u l s e  a f t e r  r a i n  t h a t  
f o l l o w s  a  d r y  s p e l l .  T h i s  p h e n o m e n o n  w a s  a t t r i b u t e d  t o .  t h e  l e a c h i n g  o f  
a c c u m u l a t e d  u r a n i u m  s a l t s  t h a t  h a d  b e e n  r e l e a s e d  d u r i n g  t h e  d r y  s e a s o n  
b y  t h e  s l o w  o x i d a t i o n  o f  u r a n i u m  m i n e r a l s .  A t  S a i n t  A n n e s  W e l l  t h e  
c o n c e n t r a t i o n  o f  u r a n i u m  i n  g r o u n d w a t e r s  v~ried f r o m  2 , 5  t o  6 , 0  u g / 1  d u r i n g  
a  p e r i o d  o f  s e v e r a l  w e e k s ,  a n d  t h i s  w a s  a t t r i b u t e d  t o  c l i m a t i c  f a c t o r s  t h a t  
r e s u l t e d  i n  " v a r y i n g  g r o u n d - w a t e r  c i r c u l a t i o n " .  
4 . 4 3  U R A N I U M  :  T H E  E A S T  
A  n u m b e r  o f  a c c o u n t s  o f  h y d r o g e o c h e m i c a l  e x p l o r a t i o n  f o r  u r a n i u m  
1 . n  t h e  U . S . S . R .  b e t w e e n  1 9 5 8  a n d  1 9 6 2  ' a r e  a v a i l a b l e  i n  E n g l i s h .  
S e r e b r e n n i k o v  ( 1 9 5 9 / 1 0 9 2 / )  c l a i m e d  t h a t  s e v e r a l  u r a n i u m  d e p o s i t s  
h a v e  b e e n  d i s c o v e r e d  b y  t h e  h y d r o g e o c h e m i c a l  m e t h o d  i n  t h e  S o v i e t  U n i o n .  
H e  r e p o r t e d  t h a t  [ U ]  i n  g r o u n d w a t e r  w a s  s i g n i f i c a n t l y  a f f e c t e d  b y  s e a s o n a l  
c h a n g e s  i n  a r e a s  o f  u n r e l i a b l e  r a i n f a l l .  T h e  o b s e r v e d  b a c k g r o u n d  v a l u e s  
v a r i e d  b y  a  f a c t o r  o f  2 - 3 ,  b u t  i n  a n o m a l o u s  w a t e r s  t h i s  s e a s o n a l  v a r i a t i o n  
w a s  a s  h i g h  a s  t e n f o l d .  U n d e r  a r i d  c o n d i t i o n s  t h e  " z o p . e  o f  i n f i l t r a t i o n "  
c o n t a i n s  o n l y  c a p i l l a r y  w a t e r  f o r  m u c h  o f  t h e  y e a r ,  a n d  t h i s  w a t e r  t e n d s  
t o  b e c o m e  r e l a t i v e l y  s a l t y  a s  a  r e s u l t  o f  s l o w  c h e m i c a l  r e a c t i o n  w i t h  
9 1 .  
c o n t i g u o u s  m i n e r a l s .  I f  u r a n i u m  o r e  i s  p r e s e n t ,  t h i s  m e t a l  w i l l  b e  
s t r o n g l y  c o n c e n t r a t e d  i n  t h e  c a p i l l a r y  w a t e r ,  w h i c h  w i l l  t h u s  p r o d u c e  
a  l o c a l  " p u l s e "  i n  [ U ]  w h e n  i t  i s  p e r i o d i c a l l y  w a s h e d  d o w n  a n d  d i l u t e d .  
I f  t h e  u r a n i u m  o r e  i s  a s s o c i a t e d  w i t h  s u l p h i d e s ,  t h e n  t h e  c o n c e n t r a t i o n  
o f  s u l p h a t e  i o n  w i l l  o f t e n  s h o w  t h e  s a m e  e x a g g e r a t e d  s e a s o n a l  v a r i a t i o n .  
G e r m a n o v  e t  a Z .  ( 1 9 5 8 / 7 1 7 / )  c o m m u n i c a t e d  a  p o w e r f u l  s u m m a r y  o f  t h e  
s t a t e  o f  t h e  a r t  i n  t h e  U . S . S . R .  a t  t h a t  t i m e .  U r a n i u m ,  R a ,  R n ,  m a j o r  
c o m p o n e n t s  a n d  
1 1
g a s  c o n t e n t "  w e r e  r o u t i n e l y  d e t e r m i n e d  i n  w a t e r  s a m p l e s ,  
a n d  p a r t i c u l a r  a t t e n t i o n  w a s  p a i d  t o  p o
2  
a n d  E h .  S p e c i a l  e q u i p m e n t  w a s  
n e e d e d  t o  g e t  g o o d  r e s u l t s  f o r  t h e  l a s t  t w o  o f  t h e s e  m e a s u r e m e n t s ,  a n d  
t h e y  w e r e  m a d e  i n  s i t u  w h e r e v e r  p o s s i b l e .  T h e  a u t h o r s  b e l i e v e d  t h a t  r e d o x  
c o n d i t i o n s  
1 1
a r e  o n e  o f  t h e  m a i n  a g e n t s  d e t e r m i n i n g  b e h a v i o u r  o f  u r a n i u m  
1 n  u n d e r g r o u n d  s o l u t i o n s "  a n d  n o t e d  t h e  s t r o n g  i n f l u e n c e  o f  d i s s o l v e d  
g a s e s  a n d  m i c r o - o r g a n i s m s  o n  E h .  L i k e  t h e i r  W e s t e r n  c o l l e a g u e s ,  t h e y  
w e r e  c o n v i n c e d  t h a t  u r a n i u m  c o u l d  n o t  b e  e x a m i n e d  a s  " a n  i s o l a t e d  c o m p o m e n t "  
a n d  t h e y  e m p h a s i z e d  t h e  n e e d  f o r  " c l o s e  c o - o r d i n a t i o n "  o f  h y d r o g e o c h e m i c a l  
a n d  h y d r o l o g i c a l  d a t a  w i t h  t h o s e  o f  a n c i l l a r y  d i s c i p l i n e s  s u c h  a s  m i n e r a l o g y ,  
g e o m o r p h o l o g y ,  t e c t o n i c s  a n d  c l i m a t o l o g y .  
F o l l o w i n g  I g n a t o v i c h  / 6 4 5 / ,  G e r m a n o v  e t  a l .  c o n c l u d e  t h a t  t h e  d i s t r i b -
u t i o n  o f  d i s s o l v e d  u r a n i u m  i s  n o t  u n i f o r m  t h r o u g h  t h e  d e p t h  o f  t h e  l i t h o s -
p h e r e  b e c a u s e  o f  t h e  i n f l u e n c e  o f  o x y g e n  i n  t h e  a t m o s p h e r e .  I n  p r o s p e c t i n g ,  
t h e r e f o r e ,  i t  i s  e s s e n t i a l  t o  d i s t i n g u i s h  b e t w e e n  s h a l l o w e r ,  o x y g e n a t e d  
w a t e r s  a n d  r e d u c i n g  w a t e r s  a s c e n d i n g  f r o m  d e e p e r  l e v e l s ,  a s  t h e  r e s p e c t i v e  
u r a n i u m  c o n t e n t s  o f  t h e s e  w a t e r s  w i l l  n o t  b e  i m m e d i a t e l y  c o m p a r a b l e .  I t  
i s  s t r e s s e d  t h a t  " s h a l l o w "  a n d  " d e e p "  w a t e r s  a r e  r e l a t i v e  c o n c e p t s ,  t h e  
d e f i n i t i o n  o f  w h i c h  w i l l  v a r y  w i t h  t h e  g e o l o g i c a l  h i s t o r y  a n d  g e o t e c t o n i c s  
o f  e a c h  r e g i o n .  F o r  e x a . m p  l e ,  " w a t e r  e x c h a n g e "  i s  m o r e  i n t e n s e  i n  m o u n t a i n o u s  
a r e a s  t h a n  i n  p l a i n s  r e g i o n s  a n d  t h e  d e p t h  o f  p e n e t r a t i o n  o f  f r e e  o x y g e n  
9 2 .  
i s  a s  a  c o n s e q u e n c e  h i g h e r  i n  t h e  f o r m e r  c a s e  ( u p  t o  3  k m  d e e p ) .  I n  
r e g i o n s  t h a t  a r e  r e l a t i v e l y  r i c h  i n  o r g a n i c  m a t t e r  - s u c h  a s  s e d i m e n t a r y  
b a s i n s ,  o i l f i e l d s  a n d  c o a l - b e a r i n g  p r o v i n c e s  - t h e r e  w i l l  b e  a  s h a r p  
b o r d e r l i n e  b e t w e e n  t h e  t w o  t y p e s  o f  w a t e r s  a t  m o d e r a t e  d e p t h s .  I n  i g n e o u s  
r o c k s  a n d  o t h e r  f o r m a t i o n s  l o w  i n  o r g a n i c  c o n t e n t  t h e  g r o u n d w a t e r  m a y  b e  
q u i t e  w e l l  o x y g e n a t e d  f a r  b e l o w  t h e  w a t e r  t a b l e .  
A l l  e l s e  b e i n g  e q u a l ,  t h e  s h a l l o w e r  w a t e r s ,  e s p e c i a l l y  t h o s e  p o o r  
1 n  o r g a n i c  m a t t e r ,  w i l l  n o r m a l l y  c a r r y  m o r e  u r a n i u m .  I f  o x y g e n  i s  f r e e l y  
a v a i l a b l e ,  E h  m a y  b e  a r o u n d  + 3 0 0  m V  a n d  i n t e n s e  m o b i l i z a t i o n  o f  U  c a n  
k  
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t a  e  p  a c e  a s  1 s  o x 1  1 z e  t o  •  o r n e  o  t h 1 s  u r a n 1 u m  1 s  s o o n  
r e p r e c i p i t a t e d  a s  p h o s p h a t e s ,  s i l i c a t e s ,  e t c . ,  b u t  p a r t  o f  i t  s u r v i v e s  
i n  s o l u t i o n  a n d  i s  c a r r i e d  a w a y  f r o m  t h e  o r e  b o d y .  A s  a  r e s u l t ,  [ U ]  i n  
s h a l l o w e r  w a t e r s  i s  ( i n t e r  a l i a )  a  f u n c t i o n  o f  [ U ]  i n  t h e  l o c a l  r o c k s .  
T h e  a u t h o r s  s h o w  t h a t  p l o t s  o f  [ U ]  i n  r o c k s  v s .  [ U ]  i n  f o r m a t i o n a l  w a t e r s ,  
f o r  v a r i o u s  r o c k  t y p e s ,  y i e l d  s t r a i g h t  l i n e  p l o t s  w i t h  s l o p e s  o f  a r o u n d  
4 5 ° .  N a t u r a l l y ,  b a c k g r o u n d  a n d  t h r e s h o l d  v a l u e s  w i  1 1  v a r y  w i t h  t h e  
" p e c u l i a r i t i e s  o f  e a c h  r e g i o n " .  
I n  d e e p e r  w a t e r s ,  w h e r e  t h e  e q u i v a l e n t  o f  t e n s  o r  e v e n  h u n d r e d s  o f  
m g / 1  o f  o r g a n i c  m a t t e r  m a y  b e  p r e s e n t ,  E h  m a y  v a r y  f r o m  - 1 0 0  t o  - 5 0 0  m v  
a n d  t h e  c o n c e n t r a t i o n  o f  u r a n i u m  i s  t y p i c a l l y  l o w e r e d  t o  n  x  1 0 -
4  
m g / 1  
o r  l e s s ,  i r r e s p e c t i v e  o f  w h e t h e r  t h e  f o r m a t i o n  t h a t  i s  h o s t  t o  t h e s e  
w a t e r s  i s  u r a n i f e r o u s  o r  n o t .  H e r e  t h e  a u t h o r s  n o t e  a n  e x c e p t i o n  i n  
t h e  c a s e  o f  w a t e r s  e n r i c h e d  i n  H
2
S ,  w h i c h  m a y  h a v e  r e l a t i v e l y  h i g h  [ U ]  
i r r e s p e c t i v e  o f  E h .  I n t e r e s t i n g l y ,  t h e  r e v e r s e  s i t u a t i o n  h o l d s  f o r  
r a d i u m ,  w h i c h  i s  s t r o n g l y  e n r i c h e d  i n  w a t e r s  o f  t h e " d e e p e r "  t y p e .  T h i s  
i s  p a r t l y  d u e  t o  a  s u p p r e s s i o n  a t  t h e s e  d e p t h s  o f  t h e  a d s o r p t i o n / p r e c i -
p i t a t i o n  o f  r a d i u m  o n  h y d r o x i d e ,  a  m e c h a n i s m  k n o w n  t o  s t r i p  t h e  e l e m e n t  
9 3 .  
f r o m  s h a l l o w e r  \ v a t e r s .  I t  f o l l o w s  t h a t  r a d i u m  c o m e s  i n t o  i t s  o w n  a s  a n  
i m p o r t a n t  p a t h f i n d e r  f o r  f i s s i l e  m a t e r i a l s  w h e n  r e d u c i n g  o r  o r g a n i c - r i c h  
w a t e r s  a r e  e n c o u n t e r e d .  
G e r m a n o v  e t  a Z .  s t a t e  t h a t  e x p e r i e n c e  t h r o u g h o u t  t h e  v a s t  t e r r i t o r y  
o f  t h e  U . S . S . R .  h a s  s h o w n  t h a t  t h e  u r a n i u m  b a c k g r o u n d  l e v e l  o f  s u b t e r r a n e a n  
w a t e r s  i s  s t r o n g l y  d e p e n d a n t  o n  c l i m a t e .  A s  a  f i r s t  a p p r o x i m a t i o n ,  [ U ]  
i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  d e g r e e  o f  " m i n e r a l i z a t i o n "  o f  t h e  w a t e r  
( i . e .  T D S ) ,  w h i c h  i s  i n  t u r n  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  m e a n  a n n u a l  
r a i n f a l l .  T h u s  a r i d  a r e a s  a r e  l i k e l y  t o  h a v e  h i g h e r  t h r e s h o l d  v a l u e s  
f o r  u r a n i u m  t h a n  h u m i d  r e g i o n s .  V a r i a t i o n s  i n  l o c a l  c l i m a t e  m a y  b e  
e f f e c t e d  b y  c h a n g e s  i n  l a t i t u d e ,  l o n g i t u d e  o r  a l t i t u d e .  I n  t h e  T i e n  S h a n  
R a n g e s ,  f o r  e x a m p l e ,  t h e  a u t h o r s  f o u n d  t h a t  t h e  u r a n i u m  c o n t e n t  o f  g r o u n d -
w a t e r s  d e c r e a s e d  w i t h  a l t i t u d e ,  b u t  t h a t  f o r  a n y  g i v e n  z o n e  o f  c o m p a r a b l e  
r o c k  t y p e  t h e  " m o d u l u s  o f  u n d e r g r o u n d  r u n o f f "  O i t r e / s e c / k m
2
)  x  a q u e o u s  
[ U ]  i s  a p p r o x i m a t e l y  c o n s t a n t ,  a n d  r e p r e s e n t s  t h e  " m o d u l u s  o f  c h e m i c a l  
r u n o f f "  ( g / y e a r / k m
2
) .  T h i s  l a t t e r  m o d u l u s  i s  v e r y  u s e f u l  f o r  t h e  i d e n t -
i f i c a t i o n  o f  u r a n i f e r o u s  f o r m a t i o n s  o r  a r e a s .  
U s i n g  d a t a  f r o m  t h e  n o r t h e r n  T i e n  S h a n ,  t h e y  s h o w  t h a t  v a r i o u s  
c l i m a t i c / a l t i t u d i n a l  z o n e s  a r e  a l s o  r e a d i l y  d i s t i n g u i s h a b l e  o n  p l o t s  o f  
[ U )  v s .  T D S ,  i n  w h i c h  t h e  d a t a  f r o m  d i f f e r e n t  z o n e s  s e p a r a t e  o u t  s i m p l y  
i n t o  d i s c r e t e  g r o u p s .  T h e  " a m o u n t "  ( r a t i o )  o f  u r a n i u m  i n  t h e  d r i e d  
r e s i d u e s  o f  t h e s e  v a r i o u s  w a t e r  t y p e s  v a r i e d  f r o m  a b o u t  1 , 5  x  1 0 -
4  
t o  
4  x  1 0 -
3
% ,  i r r e s p e c t i v e  o f  t h e  a b s o l u t e  v a l u e s  o f  t h e  n u m e r a t o r  ( [ U ] )  
o r  t h e  d e n o m i n a t o r  ( [ T D S ] ) ,  e v e n  w h e n  t h e  l a t t e r  r e a c h e d  1 0  0 0 0  m g / 1 .  
A b o v e  t h i s  v a l u e ,  i n  t h e  s p e c i a l  c a s e  o f  e x t r e m e l y  s a l i n e  w a t e r s  f o r m e d  
b y  i n t e n s i v e  e v a p o r a t i o n ,  t h e  p r o p o r t i o n a t e  c o n c e n t r a t i o n  o f  u r a n i u m  t e n d s  
t o  " l a g  b e h i n d  t h e  g r o w t h  o f  d r y  r e s i d u e s " ,  e v e n  t h o u g h  a b s o l u t e  u r a n i u m  
v a l u e s  m a y  b e  h i g h .  O n  t h e  o t h e r  h a n d ,  s a l i n e  w a t e r s  f o r m e d  b y  t h e  
9 4 .  
l e a c h i n g  o f  s a l t  b e a r i n g  r o c k s  ( e v a p o r i t e s )  d o  n o t  u s u a . l l y  c o n t a i n  
a p p r e c i a b l e  a m o u n t s  o f  u r a n i u m  ( n  x  1 0 -
6  
g / 1 ) .  
A n  i n t e r e s t i n g  a n d  i m p o r t a n t  o b s e r v a t i o n  r e p o r t e d  b y  G e r m a n o v  a n d  
h i s  c o l l e a g u e s  i s  t h e  f a c t  t h a t  c l i m a t i c  f a c t o r s  s e e m  t o  h a v e  a  s t r o n g e r  
i n f l u e n c e  o n  s o m e  a n o m a l o u s  g r o u n d w a t e r s  t h a n  o n  w a t e r s  w i t h  n o  m o r e  t h a n  
b a c k g r o u n d  c o n c e n t r a t i o n s  o f  u r a n i u m .  I n  b a r r e n  s p r i n g s  t h a t  t h e y  s t u d i e d  
[ U ]  v a r i e d  b y  a  f a c t o r  o f  t w o  o v e r  a ·  p e r i o d  o f  t w e l v e  m o n t h s ,  w h e r e a s  i n  
a n o m a l o u s  s p r i n g  w a t e r s  t h e  d i f f e r e n c e  w a s  o f t e n  t e n f o l d .  T h i s  w a s  
p r o b a b l y  a  l o c a l  p h e n o m e n o n  r e l a t e d  t o  p e r i o d i c  " f l u s h i n g "  o f  u r a n i u m  
d i s s o l v e d  o u t  o f  w e a t h e r i n g  u r a n i u m  m i n e r a l s  s i t u a t e d  a b o v e  t h e  w a t e r  
t a b l e .  T h i s  h y p o t h e s i s  a l s o  a c c o u n t s  f o r  t h e  s y m p a t h e t i c  r i s e  o f  [SO~], 
[ U ]  a n d  t h e  y i e l d  ( 1 / s e c )  o f  t h e  s p r i n g .  T h e  a u t h o r s  p o i n t  o u t  t h a t  t h e  
s o l u b i l i t y  o f  a t m o s p h e r i c  o x y g e n  i n  w a t e r  i s  o n l y  a b o u t  1 2  p p m  a n d  c a n n o t  
p r o d u c e ,  b y  o x i d a t i o n ,  m o r e  t h a n  1 5  m g / 1  o f  s u l p h a t e  i n  p h r e a t i c  w a t e r s .  
T h e r e f o r e  a n y  s h a r p  u p w a r d  p u l s e  i n  [SO~] i n d i c a t e s  t h e  i n f l u x  o f  v a d o s e  
w a t e r  t o  t h e  s p r i n g .  
O t h e r  f a c t o r s  t h a t  j o i n t l y  o r  s e v e r a l l y  i n f l u e n c e  t h e  r a t e  o f  d i s -
c h a r g e  o f  u r a n i u m  a n d  c o m m o n l y  a s s o c i a t e d  e l e m e n t s  ( P b ,  P ,  S i  a n d  A s )  f r o m  
t h e  o r e b o d y ,  a n d  h e n c e  i n f l u e n c e  t h e  i n t e n s i t y  o f  t h e  a q u e o u s  h a l o ,  a r e  
t h e  m i n e r a l o g y  a n d  p e r m e a b i l i t y  o f  t h e  · _ o r e b o d y  a n d  t h e  h o s t  r o c k s ,  a n d  
t h e  p o s i t i o n  o f  t h e  l o d e  r e l a t i v e  t o  t h e  w a t e r  t a b l e .  T h u s  f r a c t u r e d  o r e s  
d i s s o l v e  m o r e  r e a d i l y  t h a n  m a s s i v e  o r e s ,  s e c o n d a r y  u r a n i u m  m i n e r a l s  r e s i s t  
d i s s o l u t i o n  b e t t e r  t h a n  p r i m a r y  o n e s ,  a n d  t h e  m o s t  f a v o u r a b l e  s i t u a t i o n  
f o r  m a s s i v e  m o b i l i z a t i o n  o f  u r a n i u m  f r o m  a n  o r e b o d y  i s  j u s t  a b o v e  t h e  
s a t u r a t e d  z o n e  o f  t h e  w a t e r  t a b l e .  
H y d r o g e n  i o n  c o n c e n t r a t i o n  i s  i m p o r t a n t  t o o ,  b u t  t h e  e f f e c t  o f  p H  i s  
i n  t u r n  d e p e n d a n t  o n  o t h e r  f a c t o r s .  F o r  e x a m p l e ,  f l u c t u a t i o n s  i n  p H  h a v e  
a  m u c h  s t r o n g e r  e f f e c t  o n  [ U )  i n  w a t e r s  o f  t h e  
1 1
l e a k a g e  z o n e "  ( p r e s u m a b l y  
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shallm~, v a d o s e  w a t e r )  t h a n  o n  p h r e a t i c  w a t e r s .  F u r t h e r m o r e ,  p H  i n f l u e n c e s  
t h e  r a t e  o f  d i s s o i u t i o n  o f  s o m e  t y p e s  o f  o r e  m o r e  t h a n  o t h e r s ,  a l t h o u g h  
n o t  a l w a y s  i n  a  r a t i o n a l  m a n n e r .  U r a n i u m  i s  · s o l u b l e  t o  s o m e  e x t e n t  
.  t h r o u g h o u t  t h e , p H  r a n g e  b e l o w  8 ,  b u t  [ U ]  w i l l  r i s e  v e r y  r a p i d l y  i f  t h e  p H  
o f  t h e  w a t e r  o f  t h e  o r e b o d y  f a l l s  b e l o w  3 .  T h e s e  e x t r e m e  c o n d i t i o n s  m a y  
b e  a p p r o a c h e d  d u r i n g  t h e  o x i d a t i o n  o f  u r a n i u m  o r e  r i c h  i n  p y r i t e ,  u n d e r  
w h i c h  c i r c u m s t a n c e s  t h e  p H  o f  a d j a c e n t  w a t e r s  w i l l  o f t e n  d r o p  t o  l e s s  
t h a n  4 .  U r a n i u m  t h e n  b e c o m e s  e x t r e m e l y  m o b i l e  a n d  w i l l  u s u a l l y  b e  d i s s i p a t e d  
f r o m  t h e  v i c i n i t y  o f  t h e  o r e b o d y  b y  g r o u n d w a t e r s  w i t h o u t  t h e  f o r m a t i o n  o f  
s e c o n d a r y  m i n e r a l s .  I f  t h e  l e a c h i n g  h a s  b e e n  p a r t i c u l a r l y  i n t e n s e  a n d  
c o m p l e t e ,  t h e n  t h e s e  o r e b o d i e s  m a y  b e  q u i t e  d i f f i c u l t  t o  l o c a t e .  T h e  a u t h o r s  
h a v e  n o t e d  c a s e s  w h e r e  c o n t i n u o u s  m o v e m e n t  o f  g r o u n d w a t e r  t h r o u g h  a  w e a t h e r -
i n g  b o d y  o f  r o c k  h a s  l e a c h e d  o u t  p r a c t i c a l l y  a l l  t h e  u r a n i u m ,  a n d  a s  a  
r e s u l t  t h e  f o r m a t i o n  w a t e r s  n o w  c o n t a i n  , v e r y  l i t t l e  o f  t h e  m e t a l .  
I f  t h e  o r e  i s  s o m e w h a t  l e s s  p y r i t i c ,  o r  i f  m o r e  c a r b o n a t e s  a r e  p r e s e n t  
t o  a l l o w  s o m e  n e u t r a l i z a t i o n  o f  t h e  a c i d i c  w a t e r s  o f  o x i d a t i o n ,  t h e n  
s e c o n d a r y  p h o s p h a t e s ,  a r s e n a t e s ,  v a n d a t e s  e t c .  o f  u r a n i u m  m a y  f o r m  n e a r b y .  
T h e s e  s e c o n d a r y  m i n e r a l s ,  i f  t r a c e d  b y  h y d r o g e o c h e m i c a l  m e t h o d s ,  m a y  p o i n t  
t o  t h e  p r e s e n c e  o f  a  m o t h e r  l o d e .  G e r m a n o v  a n d  h i s  c o - w o r k e r s  h a v e  f o u n d  
t h a t  t h e  a m o u n t  a n d  n a t u r e  o f  t h i s  s e c o n d a r y  m i n e r a l i z a t i o n  a n d / o r  u r a n i u m  
d i s p e r s i o n  i s  h i g h l y  d e p e n d a n t  o n  t h e  i n t e r a c t i o n  o f  a  l a r g e  n u m b e r  o f  
l o c a l  c h e m i c a l  a n d  p h y s i c a l  f a c t o r s ,  f o r  e x a m p l e  p 0
2
,  t h e  p r e s e n c e  o r  
a b s e n c e  o f  H
2
s ,  h y d r o c a r b o n s ,  o x i d e s  a n d  h y d r o x i d e s  o f  i r o n  a n d  m a n g a n e s e  
a n d  t h e  i n f l u e n c e  o f  " p u m p i n g " *  o f  t h e  w a t e r  t a b l e .  
*  T h e  w o r d  " p u m p i n g "  i s  a p p a r e n t l y  i n t e n d e d  t o  m e a n  n a t u r a l  c y c l i c  c h a n g e s  
i n  t h e  l e v e l  o f  t h e  w a t e r .  t a b l e ,  a n d  n o t  a r t i f i c i a l  c h a n g e s  d u e  t o  t h e  
a c t i v i t i e s  o f  m a n .  
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'  W i t h  r e s p e c t  t o  t h e  m o b i l i t y  o f  u r a n i u m  b e y o n d  t h e  i m m e d i a t e  v i c i n i t y  
o f  t h e  o r e b o d y ,  G e r m a n o v  e t  a Z .  c l a i m  t h a t  " t h e  c h e m i c a l  c o m p o s i t i o n  o f  
u n d e r g r o u n d  w a t e r s  • • • •  a s  r e g a r d s  t h e  u s u a l l y  d e t e r m i n e d  s i x  c o m p o n e n t s -
N a ,  C a ,  M g ,  C l - ,  R e o ; ,  s o ; - d o e s  n o t  e x e r t  a n y  e s s e n t i a l  i n f l u e n c e  o n  
u r a n i u m  m i g r a t i o n " .  T h e  r e a d e r  w i l l  r e c a l l  f r o m  t h e  f o r e g o i n g  t h a t  
W e s t e r n  h y d r o g e o c h e m i s t s ,  b a r r i n g  a  f e w  d i s s e n t e r s  s u c h  a s  S c o t t  a n d  
B a r k e r  / 7 1 5 / ,  w o u l d  t a k e  e x c e p t i o n  t o  t h i s  c l a i m .  
G e r m a n o v  e t  a Z .  p r o v i d e  a  u n i q u e  e x a m p l e  d e m o n s t r a t i n g  t h a t  d i l u t i o n /  
a d s o r p t i o n  e f f e c t s  m a y  o p e r a t e  i n  u n d e r g r o u n d  w a t e r s  i n  a  ~nner s i m i l a r  
t o  t h a t  i n  s t r e a m  w a t e r s .  T h e y  d e s c r i b e  a  s l o p i n g  a q u i f e r  o f  a l l u v i a l  
s e d i m e n t s  o n  t h e  f l o o r  o f  a  d r y  v a l l e y ,  w i t h  s p r i n g s  a t  t h e  h e a d  o f  t h e  
v a l l e y  t h a t  c a r r y  1  ~g U / 1  a n d  f e e d  t h e  a q u i f e r .  W a t e r  f r o m  t h i s  a q u i f e r  
b e c o m e s  s y s t e m a t i c a l l y  p o o r e r  i n  u r a n i u m  f u r t h e r  d o w n  t h e  v a l l e y .  I n  
a n o t h e r  e x a m p l e ,  t h e y  d e s c r i b e  t h e  s a m p l i n g  o f  s e e p a g e  m i n e  w a t e r  f r o m  
a  d r i v e  t h a t  w a s  b e i n g  d e v e l o p e d  t o w a r d s  a  k n o w n  u r a n i u m  l o d e .  A s  t h e  
d r i v e  a d v a n c e d  t h e  u r a n i u m  c o n t e n t  o f  t h e  w a t e r s  i n c r e a s e d  b e c a u s e  t h e  
n e t t  e f f e c t  o f  a n o m a l o u s  w a t e r s  d e r i v e d  f r o m  t h e  o r e b o d y  b e g a n  t o  o u t -
w e i g h  t h e  e f f e c t  o f  b a r r e n  w a t e r s  e n t e r i n g  t h e  d r i v e  f r o m  t h e  c o u n t r y  
r o c k  o n  e i t h e r  s i d e .  
G r a m m a k o v  e t  a Z .  ( 1 9 5 8 / 7 6 4 / ) ,  e x p a n d i n g  o n  s o m e  a s p e c t s  o f  t h e  
e a r l i e r  w o r k  o f  G e r m a n o v  ( 1 9 5 6 / 6 4 7 / ) ,  f o u n d  d e f i n i t e  g e n e r a l  r e l a t i o n -
s h i p s  b e t w e e n ,  o n  t h e  o n e  h a n d ,  i o n s  r e l e a s e d  i n t o  t h e  g r o u n d w a t e r  s y s t e m  
a n d ,  o n  t h e  o t h e r ,  t h e  m i n e r a l o g y  a n d  d e p t h  o f  u r a n i u m  o r e  l o d e s  a n d  t h e  
p o s i t i o n  o f  t h e s e  r e l a t i v e  t o  t h e  w a t e r  t a b l e .  V a d o s e  w a t e r  a s s o c i a t e d  
w i t h  S o v i e t  u r a n i u m  d e p o s i t s  a l w a y s  c o n t a i n s  i m p o r t a n t  a m o u n t s  o f  u o ; +  
( s i c ) *  a n d ,  d e p e n d i n g  o n  t h e  o r e  m i n e r a l o g y ,  m a y  a l s o  c o n t a i n  c o n s i d e r a b l e  
*  
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I t  1 s  d o u b t f u l  t h a t  t h e  a u t h o r s  l 1 t e r a l l y  m e a n  t  e  s p e c 1 e s  u o
2  
p e r  s e .  
i . e . ,  r e a d  a s  " u r a n i u m " .  
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c o n c e n t r a t i o n s  o f  O H  ,  H C O ; ,  c o ; ,  S i o ;  a n d  s o
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.  S h a l l o w  p h r e a t i c  w a t e r s  
a l w a y s  c o n t a i n  u o ; + ,  b i c a r b o n a t e  a n d  c a r b o n a t e  a n d  s o m e t i m e s  s u l p h a t e .  
D e e p e r  p h r e a t i c  w a t e r s  a l w a y s  c o n t a i n  u o ; + ,  b i c a r b o n a t e  a n d  c a r b o n a t e ,  
a n d  m a y  i n  a d d i t i o n  c o n t a i n  s i g n i f i c a n t  a m o u n t s  o f  O H  a n d  s u l p h a t e  i o n .  
L i s i t s i n  ( 1 9 6 2 / 7 9 9 / )  p o i n t e d  o u t  t h a t  t h e  d e t e r m i n a t i o n  o f  u r a n i u m  
s p e c i a t i o n  i n  g r o u n d w a t e r s  w a s  a  d i f f i c u l t  p r o b l e m  b u t  t h a t  i t  w a s  p o s s i b l e  
t o  c a l c u l a t e  t h e  t h e o r e t i c a l  p r o p o r t i o n s  i n  w h i c h  u r a n i u m  c o m p o u n d s  m a y  
b e  p r e s e n t  i n  w a t e r  i n  c o n t a c t  w i t h  u o
2  
a t  d i f f e r e n t  v a l u e s  o f  E h  a n d  p H .  
T h e  c a l c u l a t i o n s  s u g g e s t  t h a t  u
6
+  c a r b o n a t e  s p e c i e s  a r e  f a v o u r e d  a b o v e  
s u l p h a t e  o r  c h l o r i d e  c o m p l e x e s  e v e n  i n  C l  a n d  SO~ r i c h  w a t e r s .  F o r  e x a m p l e ,  
a t  p H  6 , 6 ,  E h  - O , l 2 S v ,  2 0 ° C  a n d  T D S  n o t  e x c e e d i n g  6  g / 1 ,  u r a n i u m  c a r b o n a t e  
s p e c 1 e s  c o n s t i t u t e  p r a c t i c a l l y  1 0 0 %  o f  t h e  t o t a l  m a s s  o f  d i s s o l v e d  u r a n i u m ,  
a n d  a l l  o t h e r  s p e c i e s  t o g e t h e r  a c c o u n t  f o r  o n l y  a b o u t  l o -
1 0
%  o f  t h e  t o t a l .  
T h e r e  a r e  e x t r e m e l y  f e w  n a t u r a l  w a t e r s  i n  w h i c h  m o r e  t h a n  o n e  o f  e v e r y  
1 0  0 0 0  i o n s  o f  d i s s o l v e d  u r a n i u m  i s  u
4
+ .  
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+  2 e  ( 2 5  C ,  1  a t m o s p h e r e )  
t h e  s t a n d a r d  p o t e n t i a l  o u g h t  t o  b e  - 0 , 1 3  m v .  I n  a c t u a l  g e o l o g i c a l  s i t u a t i o n s  
i t  w a s  d e t e r m i n e d  a s  - O , l 2 5 v .  T h e o r y  s u g g e s t s  t h a t  t h e  E h  o f  p r e c i p i t a t i o n  
o f  u o
2  
i s  a  f u n c t i o n  o f  t h e  m a j o r  c o m p o n e n t  c o m p o s i t i o n  o f  w a t e r  a n d  o f  
p H  a n d  [ U ] .  T h i s  p o t e n t i a l  t y p i c a l l y  r a n g e s  f r o m  0  t o  - , 2 v .  L i s i t s i n  
m a k e s  t h e  i n t e r e s t i n g  o b s e r v a t i o n  t h a t  u r a n i u m  o r e b o d i e s ,  i f  t h e y  a r e  
s t i l l  a c t i v e l y  g r o w i n g ,  m a y  d e p l e t e  r a t h e r  t h a n  e n h a n c e  t h e  u r a n i u m  c o n t e n t  
o f  t h e  g r o u n d w a t e r s  p a s s i n g  t h r o u g h  t h e m .  T h i s  i s  m o s t  l i k e l y  t o  o c c u r  
w h e n  t h e  u r a n i u m  l o d e  c o n s t i t u t e s  a  r e d o x  " f r o n t "  a t  w h i c h  a  m a r k e d  d r o p  
i n  E h  t a k e s  p l a c e .  T h i s  c o n c e p t  i s  i l l u s t r a t e d  i n  t h e  f o l l o w i n g  d i a g r a m :  
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C o m p a r i s o n  o f  c a l c u l a t e d  d a t a  w i t h  t h e  r e s u l t s  o f  
h y d r o g e o c h e m i c a l  i n v e s t i g a t i o n s  ( g e n e r a l i z e d  o u t l i n e )  •  
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R o z h k o v a  e t  a l .  / 7 4 6 /  o b s e r v e d  t h a t  p h o s p h a t e s ,  e s p e c i a l l y  c a l c i u m  p h o s -
p h a t e s ,  m i g h t  b e  a n  i m p o r t a n t  i m m o b i l i z e r  o f  a q u e o u s  u r a n i u m .  T h e i r  d a t a  
a r e  a s  f o l l o w s :  
c a l c i u m  p h o s p h a t e  a b s o r b s  0
1
2 4 4  m e q  u o ; +  / g  a t  a  p H  o f  a b o u t  4 .  
a p a t i t e  
"  
0 , 0 2 9  
I I  
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f e r r i c  h y d r o x i d e  
I I  
o ,  2 8 6  
"  
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T h e s e  v a l u e s  w e r e  s c a r c e l y  a f f e c t e d  b y  c h a n g e s  i n  t h e  c o n c e n t r a t i o n s  o f  
K ,  N a ,  C a  a n d  M g .  T e s t s  s h o w e d  t h a t  t h e  a b s o r p t i o n  o f  d i s s o l v e d  u r a n i u m  
w a s  a  f u n c t i o n  o f  t h e  s p e c i f i c  s u r f a c e  a r e a  o f  t h e  m a t e r i a l s  i n  c o n t a c t  
w i t h  t h e  s o l u t i o n ,  a s  w e l l  a s  a  d i r e c t  r e s u l t  o f  t h e  c h e m i c a l  a f f i n i t y .  
S h c h e r b i n a  / 7 2 6 /  c a r e f u l l y  e x a m i n e d  t h e  c o m p l e x  g e o c h e m i c a l  p r o c e s s e s  
w h i c h  o c c u r  i n  o x i d i z i n g  u r a n i u m  o r e  b o d i e s .  H i s  r e s u l t s  c o n f i r m e d  t h a t  
a l t h o u g h  t h e  r e a c t i o n s  t h a t  t a k e  p l a c e ,  a n d  t h e  i n t e r m e d i a t e  m i n e r a l s  
t h a t  m a y  f o r m ,  a r e  h i g h l y  d e p e n d a n t  o n  l o c a l  f a c t o r s  s u c h  a s  p H ,  l i t h o  l o g y  
9 9 .  
a n d  c l i m a t e ,  a n y  m e a n i n g f u l · m i : g r a t i o n ' o f  u r a n i u n i l . w i l l '  b e  i n  t h e  f o r m  o f  
c a r b o n a t e  c o m p l e x e s . ·  S h c h e r b i n a  als~·observed·that c e r t a i n  i o n s  s u c h  a s  
C u  + +  c a n  l i m i t  t h e  m o ' b i l i t y  o f  u r a n i u m  b y  ' c o m p e . t i n g  f o r  t h e ·  c o
2  
' i n  t h e  
u r a n o . c a r b o n a t e  c o m p l e x .  
A  h a n d f u l  o f  l e s s  i m p o r t a n t  R u s s i a n  p u b l i c a t i o n s  d e a l t  w i t h  e x p e r i -
m e n t a l  s t u d i e s  o f  u r a n i u m  d i s s o l u t i o n  a n d  t r a n s p o r t a t i o n  / 7 4 0 ,  7 4 6 ,  7 4 9 / .  
B a r a b a s  a n d K i s s  ( 1 9 5 8 / 7 3 7 / ) w e r e  t h e  author~ o f  a n  i n t e r e s t i n g  
a t t e m p t  t o  r e c o n s t r u c t  t h e  c o n d i t i o n s  u n d e r  w h i c h  uran~um ) A ' a S  p r e c i p i t a t e d  
f r o m  n a t u r a l  w a t e r s  t o  f o r m  t h e  o r e  hori~ons o f  t h e  M e c s e k  M o u n t a i n s .  i n  
H u n g a r y .  T h i s  i n v o l v e d  t h e  c o n s t . r u c t i o n  o f  a  m o d e l  relat~ng; c h e m i c a l  
c o m p o s i t i o n s ,  0 / F e  r a t i o s  & n d  t h e  E~-pH f i e l d s  f o r .  v a r i o u s  m i n e r a l s  p r e s e n t .  
I t  i s  d o u b t f u l  w h e t h e r  t h i s  a p p r o a c h  i s  o f  ~ny d i r e c t  u s e  t o  t h e  p r o s p e c t o r ,  
b u t  i t  d o e s  s u g g e s t  t h e  p o t e n t i a l  p r a c t i c a l  a p p l i c a t i o n  o f  q u , a n t i t a t i v e  
m o d e l s  t h a t  r e l a t e  [ U ]  t o  v a r i a t i o n s  i n  p H - E h  c o n d i t i o n s  i n  n a t u r a l  w a t e r s .  
F i e l d  a n d  l a b o r a t o r y  s t u d i e s  i n  H u n g a r y  b y  S z a l a y  / 7 0 3 /  c o r r o b o r a t e d  
p r e v i o u s  c o n c l u s i o n s  / 7 1 7 /  a b o u t  t h e  s e n s i t i v i t y  o f  u r a n i u m  t o  c e r t a i n  
o r g a n i c  c o m p o u n d s .  S z a l a y  f o u n d  t h a t  b a c k g r o u n d  v a l u e s  f o r  [ U ]  i n  H u n g a r i a n  
n a t u r a l  w a t e r s  w a s  1 - 2  ~g/1, w i t h  e x c e p t i o n a l  a n o m a l i e s  o f  1 0 0  ~g/1. I n  
t h e  a b s e n c e  o f  o x y g e n  a n d  i n  t h e  p H  r a n g e  3 - 6 ,  h u m i c  s u b s t a n c e s  w i l l ,  w i t h i n  
s e c o n d s ,  r e d u c e  t h e  u r a n i u m  cont~nt o f  s u c h  w a t " e r s  , . t p  a l m o s . t  n o t h i n g . .  I t  
•  ~. \  •  •  •  _ J  , .  ~ .  >  
f o l l o v s  t , h a F  t h e  m i g r a t i o n  o f , _  u n ; m i u m  ~n ~rganic~rJ~h,~~di~enta~y m a t e r i a l s  
:  " '  .  .  .  '  .  "  '  .  -~ .  
m a y  . b e  extr~me}y l _ i m i t e d .  
d  J  ~-·1( , .  , _ - ~- •  
M u r a k a m i  e t  a Z  . .  ~ ,(195.8/6~0/) r e p 9 r t e d  t l ; l e  r~sul t 1 ? .  9 f  t h e ,  f i r s t  m a j o r  
.  .  .  .  '  .  · '  .  -~ '  
s y s t e m a t i c  h y d r o g e o c h e m i c a l  s e a r c h  f o r .  u r a n i u m .  i n .  J a p a n  • .  T h e y  a n a l y s e d  
- /  ~ .  , .  I  ~ ~ 1  , i  
1  
'  • •  . . _  t~ '  \  •  •  .  . .  I  
.  m a n y  s t r e a m  w a t e r s  a n d  s o m e  m i n e  w a t e r s  i n  o r d e r  t o  i d e n t i f y  p a t h f i n d e r s  
'  ·  •  - - •  1 :  •  ' I  '  - .  }  '  · ,  • i  
f o r  a  s p e c i f } . c  t y p e  _ ? . f :  uranife~o~s c o n g l o m e r a t e  t r , p f f _ i e d  q y  t h e  N i n g _ y o . - T o g e  
'  .  
o r e .  , d e p o s i t .  ( a  pposphaticfs~lphidic; u r c m i u m .  o r . e ) :  ,  ; r h e ;  ~ete!=!tion l i m i t s  
1 0 0 .  
w e r e :  U  O , l l l g / 1  ( f l u o r i m e t r y ) ;  P O ; - O , O l J J g / 1  ( M o  b l u e )  a n d  Z n  O , l J J g / 1  
.  .  · ,  
( d i t h i z o n e ) .  T h e  " s t a t i s t i c a l  i n d i c a t i o n "  t h a t  t h e y  u s e d  t o  d i s t i n g u i s h  
b e t w e e n  " b a r r e n ,  p r o m i s i n g  a n d  m o s t  p r o m i s i n g "  s t r e a m s  w a s :  
( n u m b e r  o f  s a m p l e s  f r o m  t h a t  s t r e a m  w i t h  c o n c e n t r a t i o n s  g r e a t e r  
t h a n  b a c k g r o u n d ) / ( t o t a l  n u m b e r  o f  s a m p l e s  f r o m  t h a t  s t r e a m ) .  
" T h e  r e s u l t s  o f  d i r e c t  a n a l y s i s  o f  t h e  u r a n i u m  c o n t e n t  o f  r i v u l e t  w a t e r  
c o i n c i d e d  c o m p l e t e l y  w i t h  t h o s e  o f  i n d i r e c t  a n a l y s i s  o f  z i n c  a n d  p h o s p h a t e ,  
a n d ,  m o r e o v e r ,  t h e  s t a t i s t i c a l  i n t e r p r e t a t i o n  o f  t h e  c o n c e n t r a t i o n s  o f  
t h e  t h r e e  e l e n r e n t s  i n  r i v u l e t  w a t e r  w a s  f o u n d  t o  b e  v e r y  u s e f u l  f o r  t h e  
d e t e r m i n a t i o n  o f  t h e  l o c a t i o n  o f  o r e  d e p o s i t s  • • . . •  
1 1  
·  ( p ,  1 3 2 ) ,  T h i s  p a p e r  
i n c l u d e s  a  s u m m a r y  o f  t h e  u r a n i u m  c o n t e n t s  o f  v a r i o u s  s e l e c t e d  n a t u r a l  
f r e s h  w a t e r s  o f  J a p a n .  H o t  s p r i n g s  y i e l d e d  v a l u e s  o f  a r o u n d  0 , 2  J J g  U / 1  
a n d  t h e  c o n c e n t r a t i o n  i n  m o s t  o t h e r  w a t e r s  w a s  a b o u t  1  ] . J g / 1 .  T h e  a u t h o r s  
e m p h a s i z e d  t h a t  r e g i o n a l  d i f f e r e n c e s  i n  b a c k g r o u n d  w o u l d  b e  o f  v i t a l  
c o n c e r n  i n  r e c o n n a i s s a n c e  s u r v e y s ,  a n d  t h a t  p e a k - t o - b a c k g r o u n d  r a t i o s  
w e r e  f a r  m o r e  i m p o r t a n t  t h a n  a b s o l u t e  c o n c e n t r a t i o n s .  T h e y  n o t e d  t h a t  
c l i m a t e  a n d  w e a t h e r  s t r o n g l y  i n f l u e n c e  t h e  c o n c e n t r a t i o n  o f  u r a n i u m  i n  
s t r e a m  w a t e r s .  
1  ~ 
4 . 4 4  N O N - R A D I O A C T I V E  M I N E R A L S  :  T H E  W E S T  
T h e r e  a r e  f e w  o u t s t a n d i n g  o r  o r i g i n a l  W e s t e r n  p u b l i c a t i o n s  i n  t h i s  
c a t e g o r y  f r o m  t h e  y e a r s  1 9 5 8 - 1 9 6 2 .  T h e  s t a n d a r d  r e f e r e n c e  w o r k  f o r  t h e  
p e r i o d  i s  t h e  t e x t b o o k  b y  H a w k e s  a n d  W e b b  ( 1 9 6 2 / 4 9 / ) .  
B o y l e  / 1 1 2 7 - 8 /  p r e s e n t e d  a  u s e f u l  s u m m a r y  o f  a l l  o f  t h e  e a r l i e r  
i n v e s t i g a t i o n s  ( e . g .  / 5 2 7 ,  8 1 9 /  o f  s p r i n g  w a t e r  a n o m a l i e s  n e a r  l e a d - z i n c  
d e p o s i t s  i n  t h e  p e r m a f r o s t  r e g i o n s  o f  Y u k o n  T e r r i t o r y ,  C a n a d a .  
S a t o  ( 1 9 6 0 / 1 0 6 1 /  a n d  S a t o  a n d  M o o n e y  ( 1 9 6 0 / 7 6 9 / )  g a v e  e x c e l l e n t  
1 0 1 .  
a c c o u n t s  o f  t h e  i m p o r t a n c e  o f  E h  a n d  p H  i n  g r o u n d w a t e r  c h e m i s t r y  a n d  t h e  
e f f e c t  t h a t  t h e s e  t w o . p a r a m e t e r s  h a v e  o n  t h e  m o b i l i z a t i o n  o f  e l e m e n t s  a t  
.  
v a r i o u s  d e p t h s  i n  s u l p h i d i c  o r e b o d i e s .  I t  i s  r a t h e r  d i f f i c u l t  t o  g e t  
g o o d  e x p e r i m e n t a l  d a t a  f o r  r e d o x  p o t e n t i a l s  o f  n a t u r a l  w a t e r s ,  b e c a u s e  
e v e n  i n  d e e p  m i n e s  t h e  E h  m e a s u r e m e n t s  a r e  o f t e n  b i a s e d  b y  o x y g e n  c o n -
t a m i n a t i o n .  M u c h  o f  t h e  r e p o r t e d  e x p e r i m e n t  d a t a  w a s  c o l l e c t e d  i n  . c o p p e r  
m i n e s  i n  t h e  U . S .  A .  I n  z o n e s  o f  p r i m a r y  o r e  t h e  m i n e  w a t e r s  h a v e  t y p i c a l  
p H  a n d  E h  r a n g e s  o f  5  t o  9  a n d  + 0 , 1  t o  + 0 , 3 v ,  b u t  i n  t h e  o x i d i z e d  z o n e s  
t h e  c o r r e s p o n d i n g  r a n g e s  a r e  2  t o  8 , 5  a n d  + 0 , 2  t o  + 0 , 7 v .  A  p l o t  o f  a l l  
o b s e r v e d  v a l u e s  o n  a n  E h - p H  d i a g r a m  r e v e a l e d  a  s t r o n g  t r e n d  p a r a l l e l  t o  
b u t  b e l o w  t h e  l i n e  o f  t h e  e q u a t i o n  f o r  t h e  r e a c t i o n  
+  
2 H
2
0  =  0
2  
+  4 H  +  4 e  ,  E h  =  1 , 2 1 9  - 0 , 0 5 1  p H ,  
w h i c h  d e f i n e s  t h e  u p p e r  b o u n d a r y  o f  t h e  s t a b i l i t y  f i e l d  f o r  w a t e r .  I n  
p r a c t i c e  t h i s  b o u n d a r y  i s  n e v e r  a p p r o a c h e d  b y  n a t u r a l  w a t e r s  b e c a u s e  i n  
t h e  p r e s e n c e  o f  o
2  
t h e  E h  i s  p o w e r f u l l y  i n f l u e n c e d  b y  t h e .  r e d o x  c o u p l e  
( H 2 0 2  - 0 2 ) :  
+  -
H
2
o
2  
=  0
2  
+  2 H  +  2 e  ,  E h  =  0 , 6 8 2  - 0 , 0 5 9 1  p H .  
O n l y  a  s m a l l  a m o u n t  o f  f r e e  o x y g e n  i s  n e c e s s a r y  t o  m a i n t a i n  o x i d i z i n g  
c o n d i t i o n s  i n  s u b t e r r a n e a n  w a t e r s .  T h e  a u t h o r s  a l s o  d i s c u s s e d  s o m e  n a t u r a l  
p H  b u f f e r s  a n d  n o t e  t h a t  e x t r e m e l y  l o w  p H  v a l u e s  i n  m i n e  w a t e r s  a r e  p r e v e n t e d  
b y  t h e  r e a c t i o n  
+  3 +  
F e ( O H )
3  
+  3 H  + +  F e  +  3 H
2
o .  
L i k e  t h e  S o v i e t  p r o s p e c t o r s ,  t h e  A m e r i c a n s  b e g a n  t o  c o n c e i v e  o f  t h e  
g r o u n d w a t e r  a n o m a l y  a s  s i m p l y  a  s p e c i a l  c o n d i t o n  w i t h i n  t h e  s l o w l y  e v o l v i n g  
s u b t e r r a n e a n  h y d r o g e o c h e m i c a l  c y c l e .  S e a b e r  ( 1 9 6 0 / 8 6 2 / )  u s e d  t h e  t e r m  
" h y d r o c h e m i c a l  f a c i e s "  t o  d e s c r i b e  " r e g i o n a l  r e l a t i o n s  b e t w e e n  c h e m i c a l  
1 0 2 .  
c o n t e n t  o f  g r o u n d  w a t e r ,  l i t h o l o g y ,  t o p o g r a p h y ,  a n d  f l o w  p a t t e r n s  
I I  
S y s t e m a t i c  c h a n g e s  o c c u r  a s  t h e  w a t e r  m i g r a t e s  a n d  a g e s  ( c f .  C h e b o t a r e v  
1 9 5 5 / 1 0 4 8 - 5 0 / )  a n d  T D S  i n c r e a s e s  a s  t h e  w a t e r  m o v e s  d o w n w a r d s  a n d  l a t e r a l l y  
f r o m  t h e  p o i n t  o f  r e c h a r g e .  O n e  o f  t h e . c o m m o n e s t  f e a t u r e s  o f  t h e  m e t a m o r -
p h i s m  o f  g r o u n d w a t e r  i s  t h e  a c c u m u l a t i o n  o f  s o d i u m  i o n s  a n d  t h i s  a p p e a r s  
t o  b e  d u e  l a r g e l y  t o  t h e  i o n - e x c h a n g e  c a p a c i t y  o f  c l a y  m i n e r a l s ,  e x p e c i a l l y  
m o n t m o r i l l o n i t e .  W y r i c k  ( 1 9 6 0 / 8 6 3 / )  s t a t e d  t h a t ,  i n  a d d i t i o n  t o  c o n n n o n l y  
u s e d  h y d r o l o g i c a l  t e c h n i q u e s  s u c h  a s  w a t e r  l e v e l  c o n t o u r  m a p s ,  " c h e m i c a l  
d a t a  f r o m  r e a d i l y  a v a i l a b l e  w a t e r  s a m p l e s  m a y  b e  u s e d  • • • . •  a s  a  m e a n s  
o f  d e f i n i n g  g r o u n d - w a t e r  f l o w  p a t t e r n s " .  · I n  M a r t i n  C o u n t y ,  N o r t h  C a r o l i n a ,  
h e  u s e d  p H  a n d  E h  d i r e c t l y  t o  " s e p a r a t e  a r e a s  o f  g r o u n d - w a t e r  r e c h a r g e " .  
I n  V o l u s i a  C o u n t y ,  F l o r i d a ,  h e  f o u n d  t h a t  t h e  c h l o r i d e  c o n t e n t  o f  w a t e r  
s a m p l e s  w a s  a n  e x c e l l e n t  i n d e x  o f  f l o w  p a t t e r n s  i n  g r o u n d w a t e r .  T h e  
p o t e n t i a l  i m p o r t a n c e  o f  t h e s e  c o n c e p t s  t o  h y d r o g e o c h e m i c a l  e x p l o r a t i o n  1 s  
s e l f - e v i d e n t ,  b u t  c o n s i d e r a b l e  p r a c t i c a l  d i f f i c u l t i e s  m a y  b e  i n v o l v e d  i n  
a p p l y i n g  t h e m  a n d  t h e r e  h a v e  b e e n  v e r y  f e w  a t t e m p t s  t o  p u r s 4 e  t h e  i d e a  
( S e e  S e c t i o n  4 . 5 ) .  
B r o w n  a n d  F l o y d  ( 1 9 6 0 / 8 6 1 / )  f o u n d  t h a t  t h e  c h e m i c a l  c o m p o s i t i o n  o f  
g r o u n d w a t e r s  i n  t h e  C o a s t a l  P l a i n  o f  N o r t h  C a r o l i n a  r e f l e c t e d  t h e  c h e m i c a l  
n a t u r e  o f  t h e  h o s t  r o c k s  b u t  t h a t  t h i s  r e l a t i o n s h i p  w a s  f r e q u e n t l y  c o m -
p l i c a t e d  b y  p r o c e s s e s  o f  r o c k  d e c o m p o s i t i o n  a n d  m e t a m o r p h i c  c h a n g e s  t h a t  
o c c u r r e d  i n  t h e  g r o u n d w a t e r  a s  i t  a g e d .  " T h e  m i n o r  e l e m e n t s  i n  n a t u r a l  
g r o u n d  w a t e r s  c a n  b e  u s e d  t o  t r a c e  g r o u n d - w a t e r  f l o w ,  t o  d e f i n e  g e o -
h y d r o l o g i c  e n v i r o n m e n t s ,  a n d  t o  i n d i c a t e  t h e  p r e s e n c e  o f  m i n e r a l  d e p o s i t s  
o f  p o t e n t i a l  e c o n o m i c  v a l u e " .  T h e  e l e m e n t s  L i ,  B ,  B r ,  F  a n d  I  w e r e  s a i d  
t o  b e  p a r t i c u l a r l y  u s e f u l  i n  t h i s  r e s p e c t .  
E r i k s o n  a n d  M a r r a n z i n o  ( 1 9 6 1 / 1 0 9 7 / )  d e s c r i b e d  s p r i n g  w a t e r  a n o m a l i e s  
1 0 3 .  
f r o m  E u r e k a  C o u n t y  i n  N e v a d a .  N e a r  t h e  h e a d  o f  t h e  E u r e k a  C a n y o n  t h e  
w a t e r s  a r e  a c i d i c / s u l p h a t i c ,  w i t h  u p  t o  3 0 0  ~g/1 o f  ( Z n  +  C u  +  P b ) .  
B u t  a t  t h e  m o u t h  o f  t h e  C a n y o n  t h e  w a t e r s  a r e  o f  t h e  a l k a l i n e / b i c a r b o n a t e  
t y p e  a n d  h e r e  [ M o ]  h a d  r i s e n  v e r y  s i g n i f i c a n t l y ,  t o  a s  m u c h  a s  6 0  ~g/1. 
W a r d  e t  a l .  ( 1 9 6 0 / 1 0 8 2 / )  d e m o n s t r a t e d  t h a t  m o l y b d e n u m  a n o m a l i e s  i n  
g r o u n d w a t e r  c o u l d  b e  s e v e r e l y  d i s p l a c e d  f r o m  t h e  s o u r c e  o f  t h e  m e t a l ,  
s o m e t i m e s  b y  s e v e r a l  m i l e s .  
B r o w n  ( 1 9 5 8 / 1 0 9 8 / )  s h o w e d  t h a t  i t  i s  p o s s i b l e  t o  u s e  g r o u n d w a t e r  
h y d r o g e o c h e m i s t r y  t o  p r o s p e c t  f o r  d e p o s i t s  o f  o r e - g r a d e  p h o s p h a t i c  s a n d s  
i n t e r c a l a t e d  w i t h  l i m e s t o n e  b a n d s .  B r o m i n e  a n d  i o d i n e  w e r e  s u i t a b l e  
p a t h f i n d e r s .  
T o o m s  a n d  W e b b  ( 1 9 6 1 / 7 7 2 / )  s a m p l e d  g r o u n d w a t e r s  i n  t h e  Z a m b i a n  c o p p e r  
b e l t ,  w h e r e  p r i m a r y  m i n e r a l s  h a v e  b e e n  d e s t r o y e d  t o  a  g r e a t  d e p t h  b y  
i n t e n s e  t r o p i c a l  w e a t h e r i n g .  T h e y  c o n c l u d e d  t h a t  t h e  a n o m a l i e s  t h a t  t h e y  
f o u n d  m u s t  h a v e  b e e n  d u e  t o  t h e  r e m o b i l i z a t i o n  o f  s e c o n d a r y  m i n e r a l s .  
A d d i t i o n a l  p u b l i c a t i o n s  o f  s o m e  i n t e r e s t  d e a l t  w i t h  ( i )  T h e  r e l a t i o n -
s h i p  b e t w e e n  o r e  d e p o s i t s  a n d  e i t h e r  m a n g a n e s e  / 1 0 5 8 /  o r  s t r o n t i u m  / 1 0 5 9 /  
i n  s p r i n g  w a t e r s ,  a n d  ( i i )  T h e  o c c u r r e n c e  o f  B a ,  B ,  B r a n d  F i n  g r o u n d w a t e r s  
a s  a  g u i d e  t o  d e p o s i t s  o f  t h e  m i n e r a l s  o f  t h e s e  e l e m e n t s  / 1 0 6 0 / .  
T h e  c o n t a m i n a t i o n  o f  i n d i v i d u a l  w a t e r  s a m p l e s  h a s  a l w a y s  b e e n  a  p r o b l e m  
i n  g r o u n d w a t e r  h y d r o g e o c h e m i s t r y ,  b u t  p r i o r  t o  a b o u t  1 9 6 0  t h e r e  a r e  f e w  
a c c o u n t s  o f  p r o b l e m s  r e s u l t i n g  f r o m  t h e  w h o l e s a l e  p o l l u t i o n  o f  r e g i o n a l  
g r o u n d w a t e r s .  T h i s  h a p p y  s t a t e  o f  a f f a i r s  h a s  e n d e d  a n d  t h e  p r o s p e c t o r  
c a n  n o  l o n g e r  a l w a y s  a s s u m e  t h a t  w i d e l y  d i s t r i b u t e d  c h e m i c a l  s p e c i e s  i n  
g r o u n d w a t e r  h a v e  a  n a t u r a l  o r i g i n .  A n t h r o p o g e n i c  c o m p o n e n t s  a r e  b e c o m i n g  
i n c r e a s i n g l y  c o m m o n  i n  m a n y  a g r i c u l t u r a l  a n d  i n d u s t r i a l  a r e a s .  K r i e g e r  
a n d  H e n d r i c k s o n  ( 1 9 6 0 / 8 6 4 / ) ,  f o r  i n s t a n c e ,  s h o w e d  t h a t  c h l o r i d e - r i c h  w a s t e  
1 0 4 .  
w a t e r ,  w h i c h  w a s  d i s c a r d e d  o n  t h e  s u r f a c e  n e a r  o i l f i e l d s  i n  K e n t u c k y ,  
p e n e t r a t e d  b a c k  i n t o  t h e  g r o u n d  a n d  c o n t a m i n a t e d  g r o u n d w a t e r s  a s  m u c h  a s  
1 0 0  m i l e s  a w a y .  
W o r k e r s  s u c h  a s  G a r r e l l s  ( 1 9 6 0 1 7 7 0 1 ) ,  S i l m a n  ( 1 9 5 8 1 7 7 1 1 )  a n d  o t h e r s  
1 7 7 3 1  c o n t i n u e d  w i t h  t h e  c o m p l e x  t a s k  o f  c o n s t r u c t i n g  q u a n t i t a t i v e  m o d e l s  
t h a t  c o u l d  d e s c r i b e  a n d  p r e d i c t  t h e  m o d e  o f  o c c u r r e n c e  a n d  m e c h a n i s m s  o f  
t r a n s p o r t a t i o n  o f  m e t a l s  i n  g r o u n d w a t e r s .  A  n u m b e r  o f  p a p e r s  d e a l t  w i t h  
t h e  t r a n s p o r t a t i o n  o f  c o p p e r  a n d  c o b a l t  i n  s u b t e r r a n e a n  w a t e r s  a n d  t h e  
c i r c u m s t a n c e s  u n d e r  w h i c h  t h e y  a r e  i m m o b i l i z e d  b y  o r g a n i c  m a t t e r  o r  c l a y  
m i n e r a l s  / 7 6 5 - 7  I .  H a w k e s  a n d  W e b b  I  4 9  I  n o t e d  t h a t  " p r e c i p i t a t i o n  o f  
i n s o l u b l e  c o m p o u n d s  i n  a r e a s  w h e r e  n a t u r a l  w a t e r s  p a s s  f r o m  o n e  c h e m i c a l  
e n v i r o n m e n t  i n t o  a n o t h e r  t e n d s  t o  r e m o v e  m e t a l  f r o m  s o l u t i o n ,  a n d  t h u s  
c a u s e  a n  a c c e l e r a t e d  d e c a y  o f  h y d r o c h e m i c a l  a n o m a l i e s .  U p d r a i n a g e  f r o m  
a  p r e c i p i t a t i o n  b a r r i e r  o f  t h i s  k i n d ,  h y d r o m o r p h i c  a n o m a l i e s  s h o w  u p  m o r e  
c l e a r l y  i n  t h e  w a t e r .  B e l o w  t h e  b a r r i e r ,  t h e y  a r e  s t r o n g e r  i n  t h e  c l a s t i c  
m a t e r i a l  w i t h  w h i c h  t h e  w a t e r  i s  i n  c o n t a c t .  W i t h i n  t h e  a r e a  w h e r e  p r e -
c i p i t a t i o n  i s  a c t i v e l y  t a k i n g  p l a c e ,  a n o m a l o u s  v a l u e s  a r i s i n g  f r o m  m a t e r i a l  
p r e c i p i t a t e d  i n  t h e  c l a s t i c  m a t r i x  w i l l  b e  a t  a  m a x i m u m " .  
A n  i m p o r t a n t  h a n d b o o k  o f  s a m p l i n g  a n d  a n a l y t i c a l  t e c h n i q u e s  ~n 
h y d r o g e o c h e m i s t r y  w a s  p r e p a r e d  b y  R a i n w a t e r  a n d  T h a t c h e r  ( 1 9 6 0 1 2 1 0 1 ) .  
A n o t h e r  n o t a b l e  c o n t r i b u t i o n  w a s  t h e  u s e  o f  i o n - e x c h a n g e  r e s i n s  f o r  
p r e c o n c e n t r a t i n g  h y d r o g e o c h e m i c a l  s a m p l e s  i n  t h e  f i e l d  ( C a n n e y  a n d  H a w k i n s  
( 1 9 6 0 1 1 0 6 6 / ) .  
4 .  4 5  N O N - R A D I O A C T I V E  H I N E R A L S  :  T H E  E A S T  
B e l y a k o v a  ( 1 9 5 8 1 7 8 3 / )  i n v e s t i g a t e d  t h e  m i g r a t i o n  o f  e l e m e n t s  f r o m  
t h e  C u - P b - B a - H n - W  d e p o s i t s  o f  U p p e r  K a i r a k t y ,  i n  c e n t r a l  K a z a k h s t a n .  
1 0 5 .  
H e r e  t h e  s t r o n g  r e l i e f  a n d  l o w  p e r m e a b i l i t y  o f  t h e  s c h i s t o s e  c o u n t r y  
r o c k : ; ;  f a v o u r  a n  " a c t i v e  w a t e r  e x c h a n g e " ,  s o  t h a t  T D S  i n  t h e  g r o u n d w a t e r s  
i s  t y p i c a l l y  l e s s  t h a n  5 0 0  m g / 1 .  M o s t  o f  t h e  g r o u n d w a t e r s  o c c u r r i n g  
b e l o w  t h e  r e g o l i t h i c  l a y e r  a r e  o f  e i t h e r  t h e  c a l c i u m  b i c a r b o n a t e  o r  s o d i u m  
b i c a r b o n a t e  t y p e s .  A r o u n d  t h e  o r e b o d i e s  t h e  r e l a t i o n s h i p s  b e t w e e n  t h e  
m a j o r  i o n s  c h a n g e s  i n  a  c o m p l e x  m a n n e r ,  w i t h  m a g n e s i u m ,  s u l p h a t e  a n d  
c h l o r i d e  b e c o m i n g  i m p o r t a n t  c o n s t i t u e n t s  i n  t h e  w a t e r s  a d j a c e n t  t o  t h e  
o r e .  T h e s e  c h a n g e s  c a n  g e n e r a l l y  b e  r e l a t e d  t o  c h a n g e s  i n  b e d r o c k  g e o l o g y  
b u t  t h e  i n c r e a s e d  a b u n d a n c e  o f  s u l p h a t e  i o n  i s  a p p a r e n t l y  d u e  t o  t h e  
o x i d a t i o n  o f  t h e  s u l p h i d i c  o r e .  T h e  r a n g e  o f  p H  v a l u e s  i n  t h e s e  w a t e r s  
i s  t y p i c a l l y  5 , 8  t o  7 , 8 .  I n t e r e s t i n g l y ,  t h e  w a t e r s  o f  a l l u v i a l  s e d i m e n t s  
i n  t h e  s a m e  a r e a  a r e  " h i g h l y  m i n e r a l i z e d  s a l i n , "  ( T D S  f r o m  1  0 0 0  t o  3  0 0 0  
m g / 1 ) ,  w i t h  s o d i u m ,  s u l p h a t e  a n d  c h l o r i d e  i o n s  p r e d o m i n a t i n g .  B e l y a k o v a  
a s c r i b e s  t h i s  m a r k e d  c h a n g e  i n  w a t e r  t y p e  t o  e v a p o r a t i o n .  
U n l i k e  m a n y  o t h e r  S o v i e t  h y d r o g e o c h e m i s t s  ( e . g .  / 3 4 5 ,  3 5 1 ,  7 8 4 / ) ,  
B e l y a k o v a  w a s  c a u t i o u s  a b o u t  t h e  u s e  o f  e l e v a t e d  s u l p h a t e / c h l o r i d e  r a t i o s  
a s  a n  i n d i c a t o r  o f  m i n e r a l i z a t i o n .  H e  i n  f a c t  f o u n d  t h a t  t h e  r a t i o  
d r o p p e d  s i g n i f i c a n t l y  a s  o n e  a p p r o a c h e d  s o m e  o r e b o d i e s  a t  U p p e r  K a i r a k t y .  
M a n y  t r a c e  e l e m e n t s  w e r e  d e t e r m i n e d  i n  t h e s e  g r o u n d w a t e r s ,  m a i n l y  b y  
s p e c t r o g r a p h i c  m e t h o d s .  T h e  d r i e d  r e s i d u e s  o f  t h e  w a t e r s  c o n t a i n e d  
d e t e c t a b l e  a m o u n t s  o f  C u ,  P b ,  V ,  N i ,  C o ,  C r ,  T i ,  M n ,  S r ,  L a ,  Z r ,  C d ,  B i ,  
G a ,  A g ,  S b ,  L i ,  B a ,  Z n ,  B e ,  W  a n d  o c c a s i o n a l l y  A s ,  S n  a n d  M o .  " T h e  m e t a l s  
f o u n d  i n  w a t e r s  r e p r e s e n t i n g  d i f f e r e n t  l i t h o l o g i c - s t r a t i g r a p h i c  c o m p l e x e s  
r e f l e c t  t h e  o r e s  o f  t h e  a q u i f e r  r o c k s .  Q u a l i t a t i v e l y ,  t h e  m e t a l l o g e n i c  
f i e l d s  . • • • .  a r e  c l e a r l y  o u t l i n e d  i n  t h e  d i s t r i c t  b y  t h e  c o m p l e x  o f  t h e  
m e t a l s  t h e y  c o n t a i n "  ( p .  1 8 1 ) .  T h e  K a i r a k t y  l e a d - c o p p e r - b a r i t e  d e p o s i t ,  
f b r  e x a m p l e ,  i s  a c c o m p a n i e d  b y  a  r e l a t i v e l y  u n c o m p l i c a t e d  P b - C u - B a  
1 0 6 .  
g r o u n d w a t e r  a n o m a l y .  T h i s  a n o m a l y  i s  r a t h e r  l a r g e  i n  c o m p a r i s o n  t o  t h e  
s i z e  o f  t h e  d e p o s i t  a n d  h a s  a  w i d t h  o f  a t  l e a s t  8  k m .  B e l y a k o v a  i m p l i e s  
t h a t  i t  i s  n o t  a l w a y s  a n  a d v a n t a g e  t o  h a v e  a  v e r y  b r o a d  a n  i n t e n s e  
a n o m a l y  a s s o c i a t e d  w i t h  a  s m a l l  d e p o s i t ,  s i n c e  t h i s  m a y  " m a s k "  s i m i l a r  
o r e b o d i e s  i n  t h e  i m m e d i a t e  v i c i n i t y .  
T h e  w a t e r s  o f  t h e  U p p e r  K a i r a k t y  t u n g s t e n  d e p o s i t  w e r e  i n v e s t i g a t e d  
i n  d e t a i  1  a n d  c o m p a r e d  t o  t h e  w a t e r s  t h a t  a r e  t y p i c a l  o f  t h e  r e g i o n .  T h e  
a s s o c i a t i o n s  t h a t  w e r e  n o t e d  a r e  c o m p i l e d  i n  T a b l e  1 ,  f o l l o w i n g :  
T A B L E  1 .  
O c c u r r e n c e  o f  t r a c e  e l e m e n t s  i n  " O r e  w a t e r s "  a n d  ' ' R e g i o n a l  w a t e r s "  
a t  t h e  U p p e r  K a i r a k t y  t u n g s t e n  d e p o s i t  
E l e m e n t  
O r e  w a t e r s  
R e g i o n a l  w a t e r s  
C u * ,  M n ,  
T i ,  
S r  
v e r y  c o m m o n  
v e r y  c  o n n n o n  
M o  
v e r y  c o n n n o n  
c o n n n o n  
Z r ,  
Z n * * ,  
C u * * ,  P b  
r a r e  
c o n n n o n  
N i ,  A g ,  V ,  B a  
r a r e  
l o c a l l y  c o m m o n  
W ,  Y ,  L a  
c o n n n o n  
r a r e  
S n ,  C r  
r a r e  
r a r e  
G a ,  A s ,  
Z n . *  
a b s e n t  
r a r e  
T h e s e  a s s o c i a t i o n s  a r e  r a t h e r  u n u s u a l .  N o t e  t h a t  z i n c  i s  h e r e  a  p o o r  
p a t h f i n d e r  w h e r e a s  W ,  Y  a n d  L a ,  w h i c h  a r e  p r a c t i c a l l y  u n h e a r d  o f  i n  
W e s t e r n  h y d r o g e o c h e m i c a l  e x p l o r a t i o n ,  a r e  c o n s i d e r e d  t o  b e  g o o d  p a t h -
.  
f i n d e r s .  T h e  f o l l o w i n g  b a c k g r o u n d  v a l u e s  w e r e  e s t a b l i s h e d :  
*  a n d  * * .  N o t e  t h a t  C u  a n d  Z n  a r e  r e p e a t e d .  T h i s  s o r t  o f  m i s t a k e  i s  
q u i t e  c o n n n o n  i n  t h e  E n g l i s h  t r a n s l a t i o n s  o f  R u s s i a n  p a p e r s .  T h e  e r r o r  
m a y  o r  m a y  n o t  b e  i n  t h e  o r i g i n a l .  A f t e r  s t u d y i n g  B e l y a k o v a ' s  t a b u l a r  
d a t a  t h e  r e v i e w e r  i s  o f  t h e  o p i n i o n  t h a t  t h e  d u p l i c a t e s  m a r k e d  w i t h  
t w o  a s t e r i s k s  a r e  i n c o r r e c t .  
1 0 7 .  
- 3  
n  x  1 0  m g / 1  o r  l e s s .  
M o ,  C u ,  P b ,  N i ,  A g ,  V  
- 2  
n  x  1 0  m g / 1  o r  l e s s .  
Z r ,  M n ,  T i ,  B a  
- 1  
n  x  1 0  m g / 1  o r  l e s s .  
S r ,  Z n  
- 2  
< n  x  1 0  m g / 1 .  
w  
T h e  f o l l o w i n g  t y p i c a l  a n o m a l o u s  v a l u e s  w e r e  c l a i m e d :  
n  x  1 0  l l g / 1  
n  x  1 0 0  l l g / 1  
n  x  1 0  m g / 1  
v  
M o ,  W  
L a  
T h e  v a l u e s  f o r  W  a n d  L a  a r e  i n o r d i n a t e l y  h i g h  a n d  a r e  p r o b a b l y  r e l a t e d  
t o  t h e  v e r y  u n u s u a l  m i n e r a l o g y  o f  t h e  o r e s  a t  K a i r a k t y .  
A f t e r  g i v i n g  c o n s i d e r a t i o n  , t o  t h e  r e q u i r e m e n t s  o f  a d e q u a t e  c o n t r a s t  
a n d  e a s e  o f  a n a l y s i s ,  B e  l y a k o v a  s e l e c t e d  M o  a n d  W  a s  t h e  p o t e n t i a l  p a t h -
f i n d e r s  f o r  t h e s e  p a r t i c u l a r  o r e s  b u t  a d d e d  t h a t  t u n g s t e n  c o u l d  n o t  b e  
u s e d  i n  p r a c t i c e  b e c a u s e  o f  i t s  r e s t r i c t e d  m o b i l i t y .  T h e  b a c k g r o u n d  
r a n g e  o f  [ M o ]  i n  t h i s  a r e a  w a s  5  t o  2 0  l l g / 1  a n d  a n o m a l i e s  i n  t h e  v i c i n i t y  
o f  k n o w n  o r e b o d i e s  r a n g e d  f r o m  3 0  t o  8 0  l l g / 1 .  T h e s e  a n o m a l i e s  w e r e  
s o m e t i m e s  d i s p l a c e d  b y  l a t e r a l  f l o w  o f  g r o u n d w a t e r s .  B e l y a k o v a ' s  s t u d y  
a t  K a i r a k t y  s u p p o r t e d  t h e  w e l l - e s t a b l i s h e d  b e l i e f  / 3 4 8 ,  7 8 5 ,  5 3 3 ,  4 9 6 /  
t h a t  b i c a r b o n a t e  i o n s  t e n d  t o  p r e c i p i t a t e  m o l y b d e n u m  a n d  t h a t  t h e  M o /  
b i c a r b o n a t e  r a t i o  h a d  t o  b e  c o n s i d e r e d  d u r i n g  t h e  i n t e r p r e a t i o n  o f  r a w  
m o l y b d e n u m  d a t a .  S p u r i o u s  m o l y b d e n u m  a n o m a l i e s  c o u l d  b e  g e n e r a t e d  i n  
a l l u v i a l  s e d i m e n t s  b y  e v a p o r a t i o n ,  b u t  t h e s e  c o u l d  b e  i d e n t i f i e d  b y  
e x a m i n i n g  t h e  M o / T D S  r a t i o .  
E r s k o v  a n d  S h c h e g l o v a  ( 1 9 5 8 / 7 8 6 / )  i n v e s t i g a t e d  t h e  g e r m a n i u m  c o n t e n t  
o f  s e v e r a l  c o a l  m i n e s  i n  t h e  K i z e l o v  b a s i n  o f  t h e  U . S . S . R .  H e r e  s u l p h u r i c  
a c i d  w a t e r s  f r o m  c o a l  s e a m s  a n d  s a n d y  h o s t  b e d s  m i x  w i t h  n e u t r a l  w a t e r s  
f r o m  s u p e r j a c e n t  c a r b o n a t e  s t r a t a .  V a l u e s  r a n g e d  f r o m  < 1  t o  3  l l g  G e / l i t r e  
a n d  w e r e  n e i t h e r  s e a s o n a l l y  d e p e n d a n t  n o r  c l e a r l y  r e l a t e d  t o  [ H 2 S 0 4 ] .  
1 0 8 .  
N e v e r t h e l e s s  t h e  g e r m a n i u m  c o n t e n t  o f  t h e  m i n e  w a t e r s  w a s  a n o m a l o u s  w h e n  
c o m p a r e d  t o  u n d e r g r o u n d  w a t e r s  o f  t h e  a d j a c e n t  r e g i o n s  a n d  t h e  a u t h o r s  
w e r e  o f  t h e  o p i n i o n *  t h a t  s y s t e m a t i c  a n a l y s i s  o f  w a t e r s  o f  c o a l  m i n e s  
m i g h t  " r e s u l t  i n  d i s c o v e r i e s  o f  ( e c o n o m i c )  s o u r c e s  o f  t h e  m e t a l " .  
C h e r n y a y e v  a n d  C h e r n y a y e v  ( 1 9 6 2 / 8 0 0 / )  s t u d i e d  t h e  p r o c e s s  o f  h y d r o -
g e o c h e m i c a l .  d i s p e r s i o n  a t  a  p o l y m e t a l l i c  ( F e - C u - Z n )  m i n e r a l  d e p o s i t  i n  
v o l c a n i c  a n d  ' s e d i m e n t a r y  r o c k s  a t  G a i s k  i n  t h e  U . S . S . R .  T h e y  b e l i e v e d  
t h a t  t h e i r  f i n d i n g s  w e r e  q u i t e  t y p i c a l  o f  d e p o s i t s  o f  t h i s  k i n d .  T h e  
l o c a l  w a t e r s  a r e  o f  t h e  c h l o r i d e  t y p e  b u t  a r e  e x t e n s i v e l y  m o d i f i e d  i n  
t h e  v i c i n i t y  o f  t h e  o r e b o d y ,  w h i c h  i s  d e e p l y  o x i d i z e d  ( t o  d e p t h s  o f  a s  
m u c h  a s  1 1 5 m ) .  T h u s  t h e  w a t e r s  d i r e c t l y  o v e r  t h e  o r e  a r e  s u l p h a t e - r i c h  
a n d .  h a v e  a n  e l e v a t e d  [ T D S ] .  T h e y  a r e  e n r i c h e d  i n  F e ,  C u  a n d  Z n  ( r e s p e c t i v e  
m a x i m u m  c o n c e n t r a t i o n s  b e i n g  3  8 0 0 ,  6 7 4  a n d  5 0 0  m g / 1 )  a n d  a l s o  c a r r y  
a b n o r m a l  a m o u n t s  o f · A l ,  M n ,  P b ,  M o ,  A s ,  A g ,  a n d  H g .  T h i s  b o d y  o f  a n o m a l o u s  
s u l p h a t i c  w a t e r  i s  e l o n g a t e d  i n  t h e  d i r e c t i o n  o f  g r o u n d w a t e r  f l o w  a n d  
m i n g l e s  w i t h  t h e  r e g i o n a l  c h l o r i d e - r i c h  w a t e r s  t o  f o r m  a  m i x e d  z o n e ,  
w h i c h  m a y  b e  s i t u a t e d  a s  m u c h  a s  3  k m  f r o m  t h e  o r e b o d y .  A t  t h e  i n n e r  
e d g e s  o f  t h i s  m i x e d  z o n e  t h e  c o n c e n t r a t i o n s  o f  C u ,  F e  a n d  Z n  s t i l l  e x c e e d  
1  m g / 1 .  
T h e  m o s t  i n t e r e s t i n g  a s p e c t  o f  t h i s  s t u d y  i s  t h a t  t h e  a u t h o r s  h a v e  
e x a m i n e d  t h e  a b o v e m e n t i o n e d  a n o m a l y  i n  t h r e e  d i m e n s i o n s  r a t h e r  t h a n  s i m p l y  
a s  a n  a r e a l  f e a t u r e .  T h e y  e s t a b l i s h e d  f r o m  s a m p l e s  c o l l e c t e d  a t  d e p t h s  
b e t w e e n  0  a n d  8 0 0  m  t h a t  t h e  a n o m a l y  d e c a y s  v e r t i c a l l y  a s  w e l l  a s  l a t e r a l l y .  
T h e  m o s t  s e r i o u s  d i l u t i o n  o c c u r s  w i t h i n  c l e a r l y · d e f i n e d  z o n e s  a t  d e p t h s  
*  
T h i s  i s  p r o b a b l y  o n l y  t r u e  f o r  m e t e o r i t i c  w a t e r s .  O n e  o u g h t  t o  e x e r c i s e  
c a r e  i n  u s i n g  G e  a s  a  p a t h f i n d e r  i n  h y d r o g e o c h e m i c a l  e x p l o r a t i o n  o f  g e o -
t h e r m a l  a r e a s .  S t u d i e s  o f  g e r m a n i u m  i n  s p r i n g  w a t e r s  s u g g e s t e d  t h a t  t h e  
e l e m e n t  i s  g e n e r a l l y  c o r r e l a t e d  w i t h  B  a n d  A s  a n d  t h a t  [ G e ]  i s  p r i n c i p a l l y  
a  f u n c t i o n  o f  t e m p e r a t u r e  / 7 8 7 / .  
1 0 9 .  
o f  2 5 0  a n d  5 5 0  m ,  w h e r e  " w a t e r  e x c h a n g e "  i s  i n t e n s e .  H o w e v e r ,  e v e n  a t  a  
d e p t h  o f  7 0 0  m  t h e  t r a c e  e l e m e n t  c o n t e n t  o f  t h e  s u l p h a t i c  w a t e r s  i s  
s t i l l  a n o m a l o u s .  T h e  a u t h o r s  d o  n o t  b e l i e v e  t h a t  t h i s  m e t a l  c o u l d  h a v e  
m i g r a t e d  a l l  t h e  w a y  f r o m  t h e  o x i d i z e d  s u r f a c e  z o n e ,  a n d  t h e y  a s c r i b e  
t h e  p h e n o m e n o n  t o  o x i ? a t i o n  o f  d e e p l y  b u r i e d ,  d i s s e m i n a t e d  s u l p h i d e s  
b y  s l i g h t l y  o x y g e n a t e d  w a t e r s ,  w h i c h  c i r c u l a t e *  " t o  g r e a t  d e p t h  . . . . .  
i n  f r a c t u r e s " .  
K u l i k o v a  ( 1 9 6 2 / 7 9 5 / )  t o o k  a  s o m e w h a t  n o v e l  l o o k  a t  t h e  q u e s t i o n  o f  
s e c o n d a r y  d i s p e r s i o n  f r o m  o r e b o d i e s  a n d  r a i s e d  a n  i n t e r e s t i n g  p o i n t .  H e  
a t t e m p t e d  t o  a s s e s s  t h e  m o b i l i t y  o f  t h e  c o m p o n e n t s  o f  o r e  b y  e x a m i n i n g  
w h a t  w a s  l e f t  b e h i n d  o n c e  t h e  p r o c e s s e s  o f  o x i d a t i o n  a n d  l e a c h i n g  w e r e  
e s s e n t i a l l y  c o m p l e t e d .  H e  s t u d i e d  m a n y  p o l y m e t a l l i c  d e p o s i t s  i n  t h e  
U . S . S . R .  a n d  c o n c l u d e d  t h a t  s e v e r a l  e l e m e n t s  s h o w e d  a  g e n e r a l  t e n d e n c y  
t o  d i s a p p e a r  f r o m  t h e s e  p r i m a r y  o r e s  d u r i n g  o x i d a t i o n .  A m o n g s t  t h e s e  
a r e  s o m e  e l e m e n t s ,  p a r t i c u l a r l y  T l ,  I n ,  C d  a n d  G a ,  t h a t  a r e  n o t  c o n s i d e r e d  
t o  b e  e i t h e r  v e r y  m o b i l e  o r  g o o d  p a t h f i n d e r s .  T h e  d e g r e e  t o  w h i c h  t h e s e  
e l e m e n t s  a r e  l e a c h e d  i s  d e p e n d a n t  u p o n  t h e  c o m p o s i t i o n  o f  t h e  g r o u n d w a t e r ,  
t h e  l e v e l  o f  a c i d i t y  d u r i n g  o x i d a t i o n  a n d  g e o l o g i c a l  f a c t o r s  - f o r  e x a m p l e ,  
d { s p e r s i o n  i s  r e d u c e d  i f  t h e  c o u n t r y  r o c k s  a r e  c a r b o n a t e s .  K u l i k o v a  d o e s  
n o t  s p e c u l a t e  a b o u t  w h a t  b e c o m e s  o f  t h e s e  e l e m e n t s  o r  w h y  t h e y  d o  n o t  
*  R e v i e w e r s  N o t e :  T h e y  f a i l  t o  e x p l a i n  w h y  o x y g e n  c a n  m i g r a t e  t o  g r e a t  
d e p t h  i n  f r a c t u r e s  w h i l e  t r a c e  e l e m e n t s  c a n n o t .  T h i s  a p p e a r s  t o  b e  a n  
i  ! l o g i c a l  d e d u c t i o n .  T h e  r e a d e r  s h o u l d  a l s o  n o t e  a n o t h e r  i m p o r t a n t  
o b s e r v a t i o n  m a d e  i n  p a s s i n g  b y  t h e s e  a u t h o r s :  "  . . • . . .  t h e  n a t u r a l  h y d r o -
g e o l o g i c a l  c o n d i t i o n s  i n  t h e  . . . . .  a r e a  h a v e  b e e n  c o n s i d , e r a b l y  m o d i f i e d  
b y  m i n i n g " .  T h e y  d o  n o t  e l a b o r a t e  a n d ,  e s p e c i a l l y ,  t h e y  d o  n o t  c o m m e n t  
o n  t h e  p o s s i b l e  e f f e c t s  t h a t  m i n i n g  a n d  d e w a t e r i n g  m a y  h a v e  h a d  o n  t h e  
d e e p  c i r c u l a t i o n  o f  m e t a l s  a n d  t h e  t h r e e - d i m e n s i o n a l  s h a p e  o f  t h e  a n o m a l y .  
. .  : · · ·  
1 1 0 .  
f o r m  u s e f u l  haloes~ a s  t h e y  m i g r a t e  a w a y  f r o m  t h e  o r e b o d y ,  
K o v a l e v  e t  a Z .  / 7 9 7 /  s t u d i e d  t h e  h y d r o g e o c h e m i s t i : y  o f  t h e  S i b a i '  
c o p p e r  s u l p h i d e  ( c h a l c o p y r i t e )  d e p o s i t  o f  t h e  s o u t h e r n  U r a l s ,  w h i c h  i s  
i n t e r e s t i n g  b e c a u s e  o f  t h e  h i g h  c a r b o n a t e  c o n t e n t  o f  t h e  o r e  a n d  w a l l  
r o c k s  ( a l t e r e d  v o l c a n i c s ) .  T h e  d e p o s i t  l i e s  o n  a  p l a i n  t o  t h e  e a s t  
o f  a n d  s o m e  3 0 0 - 4 0 0  m  b e l o w  t h e  K a r m a l y t a s h  m a s s i f .  T h e  m a s s i f  r a n g e  
i s  d i s s e c t e d  a n d  f i s s u r e d ,  a n d  w a t e r  . e x c h a n g e  i s  a c t i v e  a l t h o u g h  r a i n -
f a l l  i s  l o w  a n d  s e a s o n a l .  O n  t h e  o t h e r  h a n d  t h e  p l a i n s  h a v e  l i t t l e  
w a t e r  a n d  i t  c i r c u l a t e s  s l o w l y  e x c e p t  w h e r e  C a r b o n i f e r o u s  l i m . e s t o n e s  a r e  
e n c o u n t e r e d .  T h e r e  i s  a  d e f i n i t e  r e l a t i o n s h i p  b e t w e e n  t h e  h y d r o g e o c h e m i s t r y  
a n d  t h e  h y d r o g e o l o g y  o f  t h e  w h o l e  r e g i o n  a n d  t h i s  i s  d e m o n s t r a t e d  b y  t h e  
c o n t r a s t i n g  t y p e s  o f  w a t e r  t h a t  o c c u r  i n  d i f f e r e n t  t o p o g r a p h i c  z o n e s .  t h e  
m a s s i f  y i e l d s  d i l u t e  c a r b o n a t e  g r o u n d w a t e r s  i n  w h i c h  T D S  r a n g e s  u p  t o  
3  0 0 0  m g / 1 .  T h e  p r i n c i p l e  i o n s  a r e  b i c a r b o n a t e ,  a n d  s u l p h a t e  d e r i v e d  
I  
f r o m  d i s s e m i n a t e d  s u l p h i d e s  b u t  t h e  c o n c e n t r a t i o n  o f  c h l o r i d e  i s  o n l y  
a b o u t  9  m g / 1 .  I n  t h e  a c i d i c  o r  s i l i c e o u s  r o c k s  N a  a n d  C a  a r e  t h e  m a i n  
c a t i o n s  b u t  i n  b a s i c  r o c k s  C a  a n d  M g  p r e d o m i n a t e .  
T h e  m o r e  s l u g g i s h  w a t e r s  o f  t h e  p l a i n  a r e  a l s o  o f  t h e  c a r b o n a t e  t y p e  
b u t  a r e  m o r e  v a r i e d  i n  c o m p o s i t i o n ,  m o r e  s a l i n e  a n d  r i c h e r  i n  c h l o r i d e .  
H i g h  c o n c e n t r a t i o n s  o f  s u l p h a t e  o c c u r  o n l y  n e a r  s u l p h i d e  d e p o s i t s .  A l k a l i s  
t e n d  t o  a c c u m u l a t e  a s  a  r e s u l t  o f  i n t e n s e  c a t i o n  e x c h a n g e  a n d  t h i s  p r o c e s s  
i s  i n c l i n e d  t o  o b s - c u r e  t h e  r e l a t i o n s h i p  b e t w e e n  l i t h o l o g y  a n d  t h e  c~tionic 
c o n t e n t  o f  t h e  w a t e r s .  T h e  t y p i c a l  b a c k g r o u n d  m e t a l  c o n c e n t r a t i o n s  i n  
t h e s e  g r o u n d w a t e r s  a r e  r a t h e r  h i g h  a n d  t h e  m a x i m u m  v a l u e s  f o r  F e ,  C u  a n d  Z n  
*  I t  i s  p r o b a b l e  t h a t  d i l u t i o n  r a p i d l y  r e d u c e s  t h e  c 6 n c e n t r a t i o n s  o f  t h e s e  
e l e m e n t s  t o  va~ues t h a t  a r e  e i t h e r  i n d . i s  t i n g u i s h a b  l e  f r o m  t h e  b a c k g r o u n d  
l e v e l s  o r  b e l o w  t h e  d e t e c t i o n  l i m i t s .  
1 1 1 .  
a r e  6 0  m g / 1 ,  6 0 0  ~g/1 a n d  3 0  m g / 1  r e s p e c t i v e l y .  M i n e  w a t e r s  a r o u n d  t h e  
S i b a i '  d e p o s i t  c o n t a i n .  9  0 0 0  m g / S 0 4 ,  1  6 0 0  m g  F e ,  1 6 0  m g  S i ,  1  7 5 0  ~g C u ,  
1  3 5 0  ~g Z n  a n d  5  ~g M o  p e r  l i t r e .  O t h e r  i n d i c a t o r s ,  d e t e r m i n e d  s p e c t r o -
g r a p h i c a l l y ,  w e r e  P b ,  C o ,  N i ,  G a ,  I n  a n d  b i s m u t h .  A  n o t a b l e  f e a t u r e  o f  
t h e s e  a n o m a l o u s  g r o u n d w a t e r s  i s  t h e  a b s e n c e  o f  f r e e  H
2
s o
4
.  E v e n  wat~r 
d r a w n  d i r e c t l y  f r o m  o x i d i z i n g  o r e  i s  n e u t r a l  ( p H  6 , 8  t o  7 , 7 ) .  
T h e  f o l l o w i n g  p a r a m e t e r s  ( t h r e s h o l d  v a l u e s  i n  p a r e n t h e s e s )  w e r e  
c o n s i d e r e d  t o  b e  i m p o r t a n t  h y d r o g e o c h e m i c a l  i n d i c a t o r s  o f  m i n e r a l i z a t i o n :  
- C u  ( 1 0  ~g/1), Z n  ( 1 0 0  ~g/1), s u l p h a t e / c h l o r i d e  ( 2 )  a n d  s u l p h a t e / b i c a r b o n a t e  
( 0 , 1 ) .  H i g h  [ Z n ]  o r  [ C u ]  c o u p l e d  w i t h  h i g h  [SO~] w a s  r e g a r d e d  a s  a  f a v o u r -
a b l e  i n d e x  a n d  s o m e  s i g n i f i c a n c e  w a s  a l s o  a t t a c h e d  t o  h i g h  Z n / C u  r a t i o s .  
T h e  a u t h o r s  n o t e d  t h a t  t h e  v a l u e s  o f  s e v e r a l  o f  t h e s e  i n d i c a t o r s  a r e  
l i n e a r l y  r e l a t e d  a n d  t h a t  s o m e  o f  t h e m ,  l i k e  t h e  m a j o r  c o m p o n e n t s  o f  t h e  
a n o m a l o u s  w a t e r s ,  a r e  d i r e c t  f u n c t i o n s  o f  T D S .  
U d o d o v  a n d  P a r i l o v  / 7 9 2 /  s t u d i e d  t h e  m e t a l  c o n t e n t s  o f  4  5 0 0  s a m p l e s  
o f  s h a l l o w  g r o u n d w a t e r s  a n d  s t r e a m  w a t e r s  c o l l e c t e d  i n  t h e  v i c i n i t y  o f  
s e v e r a l  S i b e r i a n  o r e b o d i e s .  T h e  m e t a l s  i n  t h e s e  w a t e r s  w e r e  c o n c e n t r a t e d  
b y  c o - p r e c i p i t a t i o n  w i t h  s o d i u m  s u l p h i d e / a l u m i n i u m  h y d r o x i d e  a n d  t h e  
m e t a l l i f e r o u s  r e s i d u e s  w e r e  t h e n  a n a l y s e d  b y  o p t i c a l  s p e c t r o g r a p h y .  M o s t  
v a l u e s  w e r e  i n  t h e  ~g o r  n g  r a n g e .  T h e  a u t h o r s  c o n c l u d e d  t h a t  A s ,  A g ,  M o ,  
C d ,  Z n ,  C u ,  P ,  P b  a n d  S b  w e r e  r e l a t i v e l y  m o b i l e  a n d  t h a t  t h e  c o n c e n t r a t i o n s  
o f  t h e s e  e l e m e n t s  w e r e  u s u a l l y  i n d e p e n d e n t  o f  t h e  p H .  B i s m u t h ,  C r ,  B e ,  N i ,  
C o ,  V ,  W  a n d  M n  w e r e  c o n s i d e r e d  t o  b e  i m m o b i l e  a n d  B a ,  T i ,  S n ,  S r  a n d  Z r  
w e r e  v e r y  i m m o b i l e .  
T h e  m o r e  m o b i l e  e l e m e n t s  f o r m e d  g r o u n d w a t e r  a n o m a l i e s  t h a t  s t r e t c h e d  
a s  f a r  a s  5 0 0  - 1 2 0 0  m  f r o m  t h e  s o u r c e  b u t  t h e  h a l o e s  o f  t h e  i m m o b i l e  
e l e m e n t s  w e r e  t y p i c a l l y  3 0 0  - 5 0 0  m  w i d e .  T h r e s h o l d  v a l u e s  w e r e  s e t  a t  
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b e t w e e n  5  a n d  1 0  t i m e s  b a c k g r o u n d .  M u l t i e l e m e n t  a s s o c i a t i o n s  t e n d e d  t o  
b e  m o r e  c o m m o n  i n  a n o m a l o u s  w a t e r s  t h a n  e l s e w h e r e  - i . e .  i t  w a s  p o s s i b l e  
· : .  
t o  i d e n t i f y  a n  a n o m a l y  b y  s u m m i n g  t h e  c o n c e n t r a t i o n s  o f  s e v e r a l  e l e m e n t s  
e v e n  t h o u g h  t h e  i n d i v i d u a l  [ m e t a l ]  v a l u e s  w e r e  n o t  s u b s t a n t i a l l y  g r e a t e r  
t h a n  t h e  b a c k g r o u n d  l e v e l s .  
T h e  a u t h o r s  w a r n  t h a t  o n e  m u s t  e x e r c i s e  c a u t i o n  i n  a s s e s s i n g  h y d r o -
g e o c h e m i c a l  d a t a  f r o m  p l a c e r s  b e c a u s e  p a r t i c u l a r l y  i n t e n s e  m o b i l i z a t i o n  
o f  m e t a l s  o c c u r s  i n  g r o u n d w a t e r  f l o w i n g  t h r o u g h  t h e s e  d e p o s i t s .  
G e r m a n o v  e t  a Z .  ( 1 9 5 9 / 7 9 1 / )  n o t e d  t h a t  E h  i s  a  c r i t i c a l  f a c t o r  c o n -
t r o l l i n g  t h e  m o b i l i t y  o f  m e t a l s  b u t  s h o w e d  t h a t  t h e  d e t e r m i n a t i o n  o f  
m e a n i n g f u l  e x p e r i m e n t a l  E h  v a l u e s  i n  s i t u  w a s  e x t r e m e l y  d i f f i c u l t .  T h e  
a u t h o r s  m a d e  a n  a i r t i g h t  c o n n e c t i o n  b e t w e e n  a n  E h  m e t e r  a n d  a  f r e e - f l o w i n g  
u n d e r g r o u n d  b o r e h o l e  a n d  m e a s u r e d  t h e  E h  o f  t h e  r u n n i n g  w a t e r  f o r  1 5  d a y s .  
T h e  r e a d i n g  d r o p p e d  s y s t e m a t i c a l l y  f r o m  + 4 9 5  t o  + 2 6 0  m v  a n d .  s t a b i l i z e d  
a t  t h e  l a t t e r  v a l u e  o n l y  a f t e r  e i g h t  d a y s .  T h e  a u t h o r s  o f f e r e d  n o  e x p l i c i t  
e x p l a n a t i o n  o f  t h i s  p h e n o m e n o n  b u t  t h e  i m p l i c a t i o n  i s  s e l f - e v i d e n t .  
T h e y  c a r e f u l l y  m e a s u r e d  t h e  E h  o f  m o r e  t h a n  3 0 0  f l o w i n g  w a t e r s  i n  
S o v i e t  m i n e s  a n d  e l s e w h e r e .  T h e  r a n g e  o f  v a l u e s  ( a l l  r e l a t i v e  t o  t h e  
s t a n d a r d  h y d r o g e n  e l e c t r o d e )  w a s  + 5 5 0  t o  - 4 8 0  m v .  T h e  E h  v a l u e  w a s  a  
f u n c t i o n  o f  t h e  c o n c e n t r a t i o n  o f  d i s s o l v e d  g a s e s  a n d  i f  f r e e  o x y g e n  w a s  
p r e s e n t  t h e  v a l u e  w a s  g e n e r a l l y  g r e a t e r  t h a n  3 0 0  m v .  T h e  h i g h e s t  E h  
v a l u e  ( + 5 5 0  m v )  o c c u r r e d  i n  e x t r e m e l y  a c i d  w a t e r  ( p H  =  2 ) .  W a t e r s  c o n -
t a i n i n g  d i s s o l v e d  H
2
s ,  C H
4  
o r  o t h e r  r e d u c i n g  c o m p o u n d s  h a d  n e g a t i v e  E h  
v a l u e s  ( - 3 0  t o  - 4 8 0  m v ) .  T h u s  i t  a p p e a r s  t h a t  t h e  t w o  f~ctors t h a t  
d e c i s i v e l y  i n f l u e n c e  t h e  r e d o x  p o t e n t i a l  o f  u n d e r g r o u n d  w a t e r s  a r e  t h e  
c o n c e n t r a t i o n s  o f  f r e e  o x y g e n  a n d  o r g a n i c  m a t t e r .  
R a s s k a z o v  ( 1 9 6 2 / 1 0 9 3 / )  u n d e r t o o k  a  c o m p r e h e n s i v e  s t u d y  o f  t h e  s e a s o n a l  
1 1 3 .  
c h a n g e s  i n  t h e  c o n c e n t r a t i o n s  o f  d i s s o l v e d  s p e c i e s  i n  u n d e r g r o u n d  w a t e r s .  
S h a l l o w  w a t e r s  w e r e  m o r e  a f f e c t e d  t h a n  d e e p e r  w a t e r s .  I n  h i s  s t u d y  a r e a s  
t h e  c h a n g e s  w e r e  s o  l a r g e  t h a t  s p e c i a l  s e a s o n a l  c o r r e c t i o n s  w e r e  n e c e s s a r y  
d u r i n g  t h e  p l o t t i n g  o f  d a t a  f r o m  e x p l o r a t i o n  s u r v e y s .  B u t  p r o v i d e d  t h e s e  
c h a n g e s  w e r e  m a d e  t h e  d a t a  o b t a i n e d  i n  d i f f e r e n t  s e a s o n s  c o u l d  b e  m e a n i n g -
f u l l y  c o m p a r e d .  
P o l i k a r p o c h k i n  e t  a Z .  ( 1 9 5 8 / 7 7 4 / )  i n v e s t i g a t e d  t h e  t o t a l  h e a v y  m e t a l  
c o n t e n t  o f  g r o u n d w a t e r s  i n  t h e  s e m i - a r i d  T r a n s b a y k a l  r e g i o n  o f  t h e  U . S . S . R . ,  
w h e r e  s e v e r a l  s m a l l  P b - Z n  d e p o s i t s  a r e  s c a t t e r e d  o v e r  a n  a r e a  o f  s o m e  
8 0  k m
2
.  T h e s e  d e p o s i t s  d o  n o t  h a v e  r e a d i l y - i d e n t i f i a b l e  i n d i v i d u a l  h y d r o -
m o r p h i c  a n o m a l i e s  b u t  t h e  o u t l i n e  o f  t h e  a r e a  o f  a n o m a l o u s  w a t e r s  i s  
v i r t u a l l y  c o e x t e n s i v e  w i t h  t h e  b o u n d a r y  o f  t h e  l a r g e r  m i n e r a l i z e d  d i s t r i c t .  
K r a i n o v  a n d  K o r o l ' k o v a  ( 1 9 6 2 / 1 0 6 9 / )  s u m m a r i z e d  t h e  b a s i c  p r i n c i p l e s  
o f  h y d r o g e o c h e m i c a l  p r o s p e c t i n g  f o r  b a s e  m e t a l s  ( Z n ,  C u ,  P b ,  A s )  i n  a r e a s  
o f  c a r b o n a t e  w a t e r s ,  u s i n g  e x a m p l e s  f r o m  t h e  L o w e r  C a u c a s u s  o f  t h e  U . S . S . R .  
T h e  c o m p o s i t i o n s  a n d  t o t a l  d i s s o l v e d  s o l i d s  c o n t e n t s  o f  t h e s e  w a t e r s  a r e  
q u i t e  v a r i a b l e ,  a n d  t h e y  s h o w  a l l  o f  t h e  t y p i c a l  a q u e o u s  m e t a m o r p h i c  
t r a n s i t i o n s  ( i . e .  H C 0
3  
- C a  w a t e r s  +  H c o
3
- N a  +  H c o
3
- C l - N a  +  C l - H C 0
3
- N a  +  
N a C l  b r i n e s ) .  I n  t h e s e  g r o u n d w a t e r s  Z n ,  C u  a n d  P b  a r e  p r e s e n t  a s  c a t i o n s  
b u t  a r s e n i c  m i g r a t e s  a s  a n  a n i o n  o r  a  m o l e c u l a r  c o m p o u n d  a n d  i s  s e n s i t i v e  
t o  v a l e n c e  c h a n g e s .  H i g h  [ Z n ] ,  [ C u ]  a n d  [ P b ]  w e r e  a s s o c i a t e d  w i t h  s u l p h i d e  
m i n e r a l i z a t i o n  b u t  a l s o  w i t h  c e r t a i n  r o c k  t y p e s  a n d / o r  w a t e r  t y p e s  i n  
a r e a s  n o t  k n o w n  t o  b e  m i n e r a l i z e d ,  i . e .  t h e r e  a r e  c e r t a i n  w a t e r s  t h a t  
n a t u r a l l y  h a v e  a b n o r m a l l y  h i g h  m e t a l  c o n t e n t s  ( b a c k g r o u n d  v a l u e s ) ,  w h i c h  
a p p e a r  a s  f a l s e  a n o m a l i e s .  T h e s e  f a c t o r s  m u s t  b e  c l e a r l y  u n d e r s t o o d  i n  
o r d e r  t o  s e l e c t  r e a l  h y d r o g e o c h e m i c a l  a n o m a l i e s .  A l l  e l s e  b e i n g  e q u a l ,  
i n  t h e  L e s s e r  C a u c a s u s  c a r b o n a t e  s p r i n g s  w i t h  h i g h  c o n t e n t s  o f  h e a v y  
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m e t a l s  a r e  l o c a l i z e d  a l o n g  o r e - b e a r i n g  f a u l t s .  C a r b o n a t e  w a t e r s  i s s u i n g  
f r o m  b a r r e n  f a u l t s  a r e  g e n e r a l l y  v e r y  p o o r  i n  t h e s e  m e t a l s .  U s e f u l  s p r i n g  
w a t e r  a n o m a l i e s  c a n  b e  u p  t o  s e v e r a l  s q u a r e  k i l o m e t r e s  i n  a r e a  a n d  c a n  
s o m e t i m e s  r e f l e c t  t h e  p r e s e n c e  o f  c a m p  l e  t e  l y  b l i n d  o r e  d e p o s i t s .  
A r s e n i c  c o n c e n t r a t i o n s  o f  u p  t o  2 0  m g / 1  w e r e  n o t e d  b u t  t h e  " n o r m a l "  
r a n g e  d i d  n o t  e x c e e d  1 0 0  ~g/1. A r s e n i c  w a s  s o m e t i m e s  a  h y d r o g e o c h e m i c a l  
i n d i c a t o r  o f  s u l p h i d e  m i n e r a l i z a t i o n  b u t  t h e  e l e m e n t  a l s o  o c c u r r e d  i n  
h i g h  c o n c e n t r a t i o n s  i n  s o m e  o t h e r  w a t e r s * ,  e ,  g ,  i n  a r t e s i a n  w a t e r s  " a f f e c t e d  
b y "  v u l c a n i s m .  H e r e  ( A s ]  w a s  c l e a r l y  r e l a t e d  t o  b o t h  T D S  a n d  [ C l ] ,  a n d  
i n c r e a s e d  s y s t e m a t i c a l l y  " w i t h  d i s t a n c e  f r o m  t h e  c a t c h m e n t  a r e a " .  W h e r e  
A s  i n  g r o u n d w a t e r  w a s  a s s o c i a t e d  w i t h  s u l p h i d e s  Z n ,  C u  a n d  P b  w e r e  a l s o  
f r e q u e n t l y  a n o m a l o u s l y  c o n c e n t r a t e d .  
T h e  a u t h o r s  n o t e  t h a t  s i m i l a r  r e s u i t s l  
I ' •  
h a v e  b e e n  o b t a i n e d  i n  m a n y  a r e a s  o f  c a r b o n a t e  g r o u n d w a t e r s  b o t h  w i t h i n  t h e  
U . S . S . R .  a n d  e l s e w h e r e .  T h e y  f o u n d  t h a t  a r s e n i c  w a s  v e r y  m o b i l e  i n  c a r b o n a t e  
w a t e r s .  
T h i s  p a p e r  b y  K r a i n o v  a n d  K o r o l  ' k a v a  i s  a l s . o  i m p o r t a n t  f o r  i t s  s t a t e -
m e n t  o f  t h e  c o n c e p t s  o f  " p a l e o h y d r o g e o c h e m i s t r y " ,  I t  i s  t h e  b e l i e f  o f  s o m e  
R u s s i a n  a u t h o r s  t h a t  t h e  e x i s t e n c e  o f  c e r t a i n  r e g i o n a l  wate~ t y p e s  i s  a  
*  T h e  a u t h o r s  n o t e  t h a t  o c c u r r e n c e s  o f  h i g h  b a c k g r o u n d  v a l u e s  i n  g r o u n d w a t e r s  
a r e  o f  t w o  t y p e s :  
( 1 )  A c c u m u l a t i o n  o f  m e t a l s  w i t h  i n c r e a s i n g  T D S ,  H e r e  [ C l - ]  i s  v e r y  i m p o r t a n t  
a s  a  c o m p l e x i n g  i o n .  A r s e n i c  i s  e s p e c i a l l y  a f f e c t e d  i n  t h i s  m a n n e r .  
(  2 )  S t r i p p i n g  o f  m e t a l s  b y  d i l u t e  w a t e r s  ( a )  i n  r o c k s  w i t h  a b n o r m a l l y  h i g h  
c o n c e n t r a t i o n s  o f  d i s p e r s e d  m e t a l s ,  e . g .  i n  t u f f s ,  o r  ( b )  u n d e r  u n u s u a l  
p h y s i c a l  c o n d i t i o n s .  F o r  e x a m p l e ,  h i g h  [ A s ]  i n  g r o u n d w a t e r s  i s  t y p i c a l  o f  
r e g i o n s  o f  A l p i n e  f o l d i n g  a n d  m e t a m o r p h i s m  a n d  t h i s  i s  p r o b a b l y  d u e  t o  t h e  
r e a d y  r e l e a s e  o f  a r s e n i c  f r o m  s e d i m e n t a r y  m a t e r i a l s  t o  w a t e r s  u n d e r  c o n d i  t i 9 n s  
o f  d e e p  r e g i o n a l  h e a t i n g .  " I t  i s  e v i d e n t ,  t h e n ,  t h a t  i n  h y d r o g e o c h e m i c a l  
p r o s p e c t i n g  c a r b o n a t e  w a t e r s  m u s t  b e  u s e d  d i f f e r e n t l y  i n  g o l o g i c  (si~­
g e o l o g i c )  s t r u c t u r e s  p a s s i n g  t h r o u g h  d i f f e r e n t  s t a g e s  o f  d e v e l o p m e n t " .  
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r e f l e c t i o n  o f  p a s t  ( o r  i n d e e d  m o d e r n - d a y )  o r e  f o r m i n g  p r o c e s s e s  i n  t h o s e  
r e g i o n s .  T h e  i d e n t i f i c a t i o n  o f  t h e s e  s p e c i a l  w a t e r s  - f o r  i n s t a n c e  w a r m ,  
c a r b o n a t e - r i c h ,  m e t a l l i f e r o u s  b r i n e s  - m a y  d e l i n e a t e  a  m e t a l l o g e n i c  r e g i o n  
1 n  w h i c h  o r e  b o d i e s  m a y  r e c e n t l y  h a v e  f o r m e d .  T h i s  c o n c e p t  i s  d i s t i n c t  
f r o m  t h a t  o f  f o l l o w i n g  a  s e c o n d a r y  h y d r o g e o c h e m i c a l  a n o m a l y  t o  i t s  o x i d i z e d  
s o u r c e  a n d  c a n  b e  l o o s e l y  v i e w e d  a s  a  f o r m  o f  " p r i m a r y "  h y d r o g e o c h e m i c a l  
p r o s p e c t i n g .  " T h e  p r i n c i p l e s  o f  u t i l i z a t i o n  o f  t h e  o r e - f o r m i n g  a c t i v i t y  
o f  c a r b o n a t e  w a t e r s  i n  h y d r o g e o c h e m i c a l  p r o s p e c t i n g  w e r e  f o r m u l a t e d  b y  
O v c h i n n i k o v  .  .  .  .  .  I n  t h i s ,  c a s e ,  a  s e a r c h  i s  m a d e  f o r  a r e a s  o f  e m e r g e n c e  
o f  c a r b o n a t e  w a t e r s  f a v o r a b l e  f o r  a c c u m u l a t i o n  o f  o r e  m i n e r a l s ,  i . e .  f o r  
a r e a s  p o s s e s s i n g  c e r t a i n  " g e o c h e m i c a l  b a r r i e r s "  ( P e r e l  ' m a n ' s  t e r m i n o l o g y ) .  
I n  t h i s  m e t h o d ' h y d r o g e o c h e m i c a l  ( p a l e o h y d r o g e o c h e m i c a l )  a n d  m e t a l l o g e n i c  
f a c t o r s  m u s t  b e  t a k e n  i n t o  a c c o u n t  a s  w e l l  a s  t h e  m i g r a t i o n  c h a r a c t e r i s t i c s  
o f  e a c h  m e t a l  u n d e r  t h e  c o n c r e t e  c o n d i t i o n s  e x i s t i n g  i n  t h e  a r t e s i a n  b a s i n s .  
A s  s h o w n  b y  t h e  d a t a  f o r  t h e  L e s s e r  C a u c a s u s ,  t h e  h y d r o g e o c h e m i c a l  
m e t h o d  b a s e d  o n  t h e  o r e - f o r m i n g  a c t i v i t y  o f  c a r b o n a t e  w a t e r s  m a y  b e  u s e d  
s u c c e s s f u l l y  i n  t h e  s e a r c h  f o r  d e p o s i t s  o f  a r s e n i c ,  b o r a t e s  a n d ,  t o  s o m e  
e x t e n t ,  o f  b o r o s i l i c a t e s .  T h e  m o s t  f a v o r a b l e  l o c a l i t i e s  i n  t h i s  r e s p e c t  
a r e  t h e  a r t e s i a n  b a s i n s  o f  t h e  A r m e n i a n  f o l d e d  b e l t ,  w h o s e  c a r b o n a t e  w a t e r s  
r e f l e c t  t h e  e f f e c t s  o f  l a t e  T e r t i a r y  i n t r u s i v e  a c t i v i t y  a n d  Q u a t e r n a r y  
v o l c a n i s m . "  ( p .  5 3 5 ) .  
B r i e f  m e n t i o n  m u s t  b e  m a d e  o f  t h e  w o r k  o f  K r a i n o v  a n d  P e t r o v a  / 7 9 6 / ,  
w h o  d e s c r i b e d  t h e  p r o b l e m s  o f  h y d r o g e o c h e m i c a l  p r o s p e c t i n g  i n  a r e a s  o f  
e x t r e m e l y  m i n e r a l i z e d  s u b t e r r a n e a n  w a t e r s ,  a n d  t h e  p u b l i c a t i o n  b y  S a f r o n o v  
e t  a Z . .  (  1 9 5 8 / 7 6 8 / )  a b o u t  p r o s p e c t i n g  f o r  g o l d .  T h e  l a t t e r  w o r k e r s  s h o w e d  
t h a t  g o l d  d e p o s i t s  c o u l d  b e  i q e n t i f i e d  b y  s p e c t r o c h e m i c a l  a n a l y s i s  o f  A u  
i n  l o c a l  g r o u n d w a t e r s .  
1 1 6 .  
A  f e w  n o t a b l e  R u s s i a n  l a n g u a g e  p a p e r s  f r o m  t h e  p e r i o d  1 9 5 8 - 1 9 6 2  d e a l  
w i t h  a n c i l l a r y  h y d r o g e o c h e m i c a l  t o p i c s  s u c h  a s  t h e  s t a b i l i z a t i o n  o f  m e t a l s  
( M o ,  V )  i n  n a t u r a l  s o l u t i o n s .  P o p o v a  ( 1 9 6 1 / 7 9 3 / )  n o t e d  t h a t  t h e  e f f e c t s  
o f  c o - p r e c i p i t a t i o n  o n  t h e  c o n c e n t r a t i o n s  o f  t r a c e  m e t a l s  i n  w a t e r  a r e  
w e l l  k n o w n  b u t  t h a t  l i t t l e  a t t e n t i o n  h a d  b e e n  g i v e n  t o  c a l c i u m  c a r b o n a t e  
a s  a  p o t e n t i a l  p r e c i p i t a n t .  I n  h i s  e x p e r i m e n t s  h e  a d d e d  s o l u t i o n s  o f  
N a
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t o  w a t e r s  c o n t a i n i n g  d i s s o l v e d  t r a c e  e l e m e n t s .  T h i s  
r e s u l t e d  i n  t h e  p r e c i p i t a t i o n  o f  5 0 - 7 5  m g  o f  C a c o
3
,  w h i c h  w a s  a n a l y z e d  
t o  f i n d  o u t  ~vhich o f  t h e  t r a c e  e l e m e n t s  h a d  b e e n  s t r i p p e d  f r o m  s o l u t i o n .  
T h e  e x p e r i m e n t s  w e r e  c o n d u c t e d  a t  t e m p e r a t u r e s  f r o m  2 0 °  u p w a r d s .  T h e  
i n t e n s i t y  o f  s t r i p p i n g  w a s  i n c r e a s e d  a t  h i g h e r  t e m p e r a t u r e s  a n d  t h e  e l e m e n t s  
t h a t  f o r m  d i f f i c u l t l y  s o l u b l e  c a r b o n a t e s  s h o w e d  t h e  g r e a t e s t  t e n d e n c y  t o  
c o - p r e c i p i t a t e .  C a d m i u m ,  P b  a n d  C o ,  a t  c o n c e n t r a t i o n s  u p  t o  2 0 0 0  ~g/1, 
w e r e  c o m p l e t e l y  s t r i p p e d  f r o m  t h e  w a t e r .  Z i n c  a n d  C u  w e r e  a l m o s t  1 0 0 %  
r e m o v e d  f r o m  s o l u t i o n s  o f  2 5  ~g/1 a n d  t h e  c o r r e s p o n d i n g  v a l u e  a t  c o n -
c e n t r a t i o n s  o f  1 - 2  m g / 1  w a s  7 5 % .  N i c k e l  w a s  l e a s t  b u t  n e v e r t h e l e s s  s u b -
s t a n t i a l l y  a f f e c t e d  ( 6 6 %  a t  2 5  ~g/1). 
M e k h  t i y e v a  (  1 9 6 2 / 7 9 8 / )  s h o w e d  t h a t  e v e n  d e e p l y  s e a t e d  g r o u n d w a t e r s  
c o m m o n l y  h a v e  a  s p e c i a l i z e d  m i c r o f l o r a ,  o f  s e v e r a l  p h y s i o l o g i c a l  g r o u p s ,  
w h i c h  a c t i v e l y  i n f l u e n c e s  t h e  c h e m i c a l  c o m p o s i t i o n  o f  t h e s e  w a t e r s .  I f  
a l l  e l s e  b e  e q u a l ,  t h e n  t h e  c o n c e n t r a t i o n  o f  b a c t e r i a  d i m i n i s h e s  w i t h  
d e p t h .  I f  t h e  c o m p o s i t i o n  o f  s u b t e r r a n e a n  w a t e r  c h a n g e s  u p o n  e n c o u n t e r  
w i t h  r o c k s  o f  a  d i f f e r e n t  l i t h o l o g y  t h e n  t h e  c h a r a c t e r i s t i c s  o f  t h e  
b a c t e r i a l  p o p u l a t i o n  a r e  a l s o  l i k e l y  t o  a l t e r .  T h u s  s u l p h a t e  r e d u c e r s  
w i l l  n o r m a l l y  f l o u r i s h  i n  g y p s u m  r i c h  s t r a t a  n e a r  p e t r o l e u m  o c c u r r e n c e s  
b u t  a n  i n f l u x  o f  c a l c i u m  r i c h  w a t e r  w i l l  s u p p r e s s  t h e i r  n u m b e r s .  
T h e  H u n g a r i a n s  w e r e  · q u i t e  a c t i v e  i n  t h e  f i e l d  o f  g r o u n d w a t e r  h y d r o -
g  e o c h e m i  c a l  e x p l o r a t i o n  d u r i n g  1 9 5 8 - 1 9 6 2 / 9 2 2 - 4 /  b u t  l i t t l e  o f  t h e i r  p u b l i s h e d  
4 . 5  T H E  C U R R E N T  L I T E R A T U R E :  1 9 6 3 - 1 9 7 8  
4 , 5 1  I N T R O D U C T I O N  
1 1 8 .  
T h e r e  i s  o b v i o u s l y  n o  c l e a r  d i v i s i o n  b e t w e e n  h i s t o r i c a l  a n d  c u r r e n t  
p u b l i c a t i o n s  b u t  o n e  c a n  r e a s o n a b l y  r e g a r d  t h e  p a s t  f i f t e e n  y e a r s  a s  t h e  
" m o d e r n "  o r  " p r e s e n t - d a y "  p h a s e  o f  g e o c h e m i c a l  p r o s p e c t i n g .  B e t w e e n  1 9 6 3  
a n d  1 9 7 8  a  l a r g e  n u m b e r  o f  p a p e r s  w e r e  w r i t t e n  o n  t h i s  o r  c l o s e l y  r e l a t e d  
t o p i c s  / 1 1 2 2 /  a n d  a t  l e a s t  5 0 0  o f  t h e s e  a r e  o f  d i r e c t  o r  i n d i r e c t  i n t e r e s t  
t o  t h e  p r o s p e c t o r  w h o  s a m p l e s  g r o u n d w a t e r s .  I n  S e c t i o n  4 . 5  a n  a t t e m p t  
w i l l  b e  m a d e  t o  r e v i e w  a  r e p r e s e n t a t i v e  c r o s s - s e c t i o n  o f  t h e  c u r r e n t  
l i t e r a t u r e  o f  g r o u n d w a t e r  h y d r o g e o c h e m i c a l  e x p l o r a t i o n .  I t  i s  n e c e s s a r y  
t o  b r i n g  s o m e  o r d e r  i n t o  t h e  c o n s i d e r a b l e  v o l u m e  o f  m a t e r i a l  e x a m i n e d  ~n 
t h i s  c h a p t e r  a n d  t h e  v a r i o u s  p u b l i c a t i o n s  h a v e  t h e r e f o r e  b e e n  g r o u p e d  i n t o  
t h e  f o l l o w i n g  c a t e g o r i e s :  
( 1 )  R e v i e w s  a n d  o v e r v i e w s  
( 2 )  M e t h o d o l o g y ,  s a m p l i n g ,  c o n t a m i n a t i o n  p r o b l e m s ,  a n a l y s i s ,  d a t a  
h a n d l i n g ,  i n t e r p r e t a t i o n .  
( 3 )  H y d r o g e o l o g y ,  w a t e r - r o c k  i n t e r a c t i o n ,  p H / E h
1  
c o m p l e x  i o n  f o r m a t i o n .  
( 4 )  O r g a n i c  m a t t e r ,  g a s e s ,  p a r t i c u l a t e  m a t t e r ,  t h e r m a l / m i n e r a l  w a t e r s .  
( 5 )  A n i o n s ,  h a l o g e n s ,  s u l p h a t e ,  b o r o n ,  a l k a l i  m e t a l s ,  a l k a l i n e  e a r t h s .  
( 6 )  S o m e  l e s s  c o m m o n l y  s o u g h t  e l e m e n t s .  A s ,  V ,  C d ,  S e ,  T e ,  S b ,  S n ,  
A g ,  A u ,  H g .  
(  7 )  T h e  c o m m o n  b a s e  m e t a l s .  S u l p h i d e  b o d i e s ,  p o l y m e t a l l i c  o r e s ,  
c o p p e r / m o l y b d e n u m  p o r p h y r y  b o d i e s ,  
( 8 )  U r a n i u m  a n d  a s s o c i a t e d  e l e m e n t s ,  
S o m e  o v e r l a p  i s  u n a v o i d a b l e  a n d  p u b l i c a t i o n s  d e a l i n g  w i t h  t w o  o r  
m o r e  o f  t h e s e  t o p i c s  h a v e  b e e n  c l a s s i f i e d  a c c o r d i n g  t o  t h e  m a i n  t h e m e  o f  
t h e  w o r k .  T h e  r e a d e r  wh~ r e q u i r e s  a d d i t i o n a l  m a t e r i a l  m a y  f i n d  s o m e t h i n g  
o f  i n t e r e s t  i n  C o m p e n d i u m  A ,  w h i c h  i s  a  l i s t i n g  o f  o t h e r  p o t e n t i a l l y  u s e f u l  
1 1 7 .  
w o r k  i s  a v a i l a b l e  i n  E n g l i s h .  O p r a n  / 1 0 1 8 /  d e s c r i b e d  a  m e t h o d  o f  h y d r o g e o -
c h e m i c a l  p r o s p e c t i n g  f o r  s a l t  d e p o s i t s  i 1 1  H u n g a r y .  Th~ u s e f u l  " i n d e x e s "  
=  - + +  -
w e r e  K / T D S ,  s o
4
/ C l  a n d  M g  / C l  .  
1 1 9 .  
C O M P E N D i i l l i  A  
R e v i e \ v S  a n d  t e x t b o o k s : / 5 6 ,  8 4 5 ,  9 0 3 ,  9 4 6 ,  9 6 1 ,  9 7 4 ,  9 7 5 ,  1 0 1 4 .  
G e n e r a l  h y d r o g e o c h e m i c a l  p r i n c i p l e s :  / 8 5 3 ,  9 1 1 ,  1 1 3 8 .  
G e n e r a l  g r o u n d w a t e r  h y d r o g e o c h e m i c a l  s t u d i e s ,  i n c l u d i n g  p r o s p e c t i n g  
a p p l i c a t i o n s :  / 8 2 7 ,  8 6 8 ,  9 1 1 ,  9 4 0 ,  9 7 1 - 2 ,  1 1 2 6 ,  1 1 2 9 - 3 2 ,  1 0 6 7 - 8 .  
U r a n i u m  i n  g r o u n d w a t e r s :  / 8 0 4 ,  8 4 4 ,  8 4 7 ,  8 6 6 ,  8 8 9 ,  9 0 0 ,  9 3 0 - 1 ,  9 3 3 - 7 ,  9 4 5 ,  
9 5 3 ,  1 0 2 5 ,  1 0 5 3 ,  1 0 6 3 ,  1 0 8 3 ,  1 0 8 6 ,  1 1 3 6 ,  1 1 4 0 .  
U r a n i u m  i s o t o p e s  a n d  d a u g h t e r  e l e m e n t s  ( R a ,  R n ,  T h ,  H e  e t c . )  i n  
g r o u n d w a t e r s :  / 7 5 5 ,  8 0 5 ,  8 0 7 ,  8 1 0 ,  8 1 2 ,  8 3 8 ,  8 5 8 ,  8 7 9 - 8 1 ,  8 8 3 - 5 ,  9 1 7 ,  
1 1 4 0 - 1 .  
A q u e o u s  c h e m i s t r y  o f  u r a n i u m :  / 7 8 9 ,  8 1 5 ,  8 3 5 ,  9 8 9 .  
H a n d l i n g  o f  u r a n i u m  h y d r o g e o c h e m i c a l  d a t a :  I  3 2 0 ,  1 0 5 4 ,  1 0 8 7 ,  1 1 3 9 .  
G r o u n d w a t e r  h y d r o g e o c h e m i s t r y  o f  m o l y b d e n u m :  I  8 5 0 ,  1 0 4 7 .  
G r o u n d w a t e r  h y d r o g e o c h e m i c a l  e x p l o r a t i o n  u s i n g  b o r o n :  / 8 5 2 .  
G e n e r a l  h y d r o g e o c h e m i s t r y  o f  m e r c u r y :  1 8 5 3 - 4 ,  9 7 7 ,  1 0 4 4 .  
G r o u n d w a t e r  h y d r o g e o c h e m i s t r y  o f  m e r c u r y :  1 9 1 2 ,  9 5 7 - 6 1 .  
H y d r o g e o c h e m i s t r y  o f  g o l d :  / 8 5 7 ,  1 0 5 5 .  
G e n e r a l  h y d r o g e o c h e m i s t r y  o r  g r o u n d w a t e r  h y d r o g e o c h e m i s t r y  o f  c o p p e r ,  
l e a d  a n d  z i n c :  / 1 6 6 ,  8 5 9 ,  8 6 7 ,  9 0 1 ,  9 7 9 - 8 1 ,  9 8 9 ,  1 0 5 6 - 7 ,  1 1 3 5 ,  1 1 4 0 .  
G r o u n d w a t e r  h y d r o g e o c h e m i s t r y  o f  s u l p h a t e :  / 9 8 7 .  
H y d r o g e o c h e m i s t r y  o f  v a r i o u s  r a r e r  e l e m e n t s :  / 8 4 8 ,  9 1 1 .  
G a s e s  i n  g r o u n d w a t e r s :  / 8 9 9 ,  9 1 7 - 8 ,  9 5 5 .  
G r o u n d w a t e r  h y d r o g e o c h e m i s t r y  n e a r - p o r p h y r y  d e p o s i t s :  / 8 4 9 .  
G r o u n d w a t e r  h y d r o g e o c h e m i c a l  e x p l o r a t i o n  i n  a r e a s  o f  p e r m a f r o s t :  / 1 6 6 ,  8 4 9 .  
E l e c t r o c h e m i c a l  c o n t r o l  o f  a q u e o u s  d i s p e r s i o n  f r o m  o r e b o d i e s :  / 8 9 2 ,  9 6 2 .  
E h  a n d  p H :  / 1 1 3 7 .  
M e t h o d s  o f  s a m p l i n g  a n d  a n a l y s i s :  / 9 7 6 - 8 ,  9 8 0 .  
M a t h e m a t i c a l  h y d r o g e o c h e m i c a l  m o d e l s :  / 9 8 3 .  
1 2 0 .  
r e f e r e n c e s  t h a t  w i  1 1  n o t  b e  e x a m i n e d  i n  d e  t a i l  i n  t h i s  r e v i e w .  A  n u m b e r  
o f  o t h e r  r e c e n t  p u b l i c a t i o n s  ( 1 9 6 5 - 1 9 7 5 )  t h a t  h a v e  n o t  b e e n  r e v i e w e d  i n  
t h i s  w o r k  a r e  l i s t e d  b y  H a w k e s  ( 1 9 7 6 / 1 0 7 0 / ) .  
T h e  h y d r o g e o c h e m i s t  a t t e m p t i n g  a  s u r v e y  o f  t h e  r e c e n t  l i t e r a t u r e  i s  
c o n f r o n t e d  b y  m a n y  t h o u s a n d s  o f  p o t e n t i a l l y  u s e f u l  p u b l i c a t i o n s ,  w h i c h  
a r e  w i d e l y  s c a t t e r e d  i n  m a n y  j o u r n a l s  a n d  h u n d r e d s  o f  l e s s  f o r m a l  r e p o r t s  
a n d  b u l l e t i n s .  I n t e r e s t i n g l y ,  t h e r e  h a v e  b e e n  e x t r e m e l y  f e w  p u b l i s h e d  
g u i d e s  d e s c r i b i n g  h o w  o n e  m i g h t  s e t  a b o u t  s u c h  a  s u r v e y .  T h e  o n l y  o n e  
k n o w n  t o  t h e  r e v i e w e r  i s  t h a t  o f  D e l f i n o  ( 1 9 7 7 / 1 0 0 6 / ) .  H e  s t a t e s  t h a t  
" t h e  m u l t i d i s c i p l i n a r y  r o o t s  o f  w a t e r  c h e m i s t r y  h a v e  r e s u l t e d  i n  a  v a r i e t y  
o f  p u b l i c a t i o n  o u t l e t s  . . . . .  " a n d  a t t e m p t s  t o  a n s w e r  h i s  o w n  q u e s t i o n :  
" W h e r e  d o e s  o n e  f i n d  t h e  p u b l i s h e d  i n f o r m a t i o n  o f  i n t e r e s t  t o ,  a n d  m o s t  
o f t e n  n e e d e d  b y ,  w a t e r  c h e m i s t s ? "  H e  d o e s  t h i s  b y  p r o v i d i n g  c o m p r e h e n s i v e  
l i s t s  o f  " B i b l i o g r a p h i c  r e s o u r c e s "  b u t  p o i n t s  o u t  t h e  u n f o r t u n a t e  t r u t h  
t h a t  " i t  i s  a l m o s t  i m p o s s i b l e  f o r  w a t e r  c h e m i s t s  t o  g o  t o  a  s i n g l e  l i b r a r y  
. . . • .  a n d  e x p e c t  t o  f i n d  a l l  o f  t h e  j o u r n a l s  t h a t  t h e y  m i g h t  n e e d  i n  a  
b r o a d - b a s e d  r e s e a r c h  p r o g r a m  
T h e  l i t e r a t u r e  o f  w a t e r  c h e m i s t r y  i s  
e x t e n s i v e ;  i t  a p p e a r s  i n  a  w i d e  v a r i e t y  o f  j o u r n a l s ;  a n d  i t  i s  c o v e r e d  
i n  v a r y i n g  d e t a i l  b y  b i b l i o g r a p h i c  r e s o u r c e s .  S c h o l a r s  d e s i r i n g  t o  p u r s u e  
r e s e a r c h  i n  t h e  f i e l d  o f  w a t e r  c h e m i s t r y  s h o u l d  b e  a w a r e  o f  t h e s e  f a c t s ,  
i n  o r d e r  t o  u t i l i z e  t h e  l i t e r a t u r e  i n  a n  e f f i c i e n t ,  s y s t e m a t i c ,  a n d  c o m -
p r e h e n s i v e  m a n n e r " .  
4 . 5 2  E X A M I N A T I O N  O F  S E L E C T E D  G R O U P S  O F  R E C E N T  P U B L I C A T I O N S  
R E L A T E D  T O  G R O U N D W A T E R  H Y D R O G E O C H E M I C A L  E X P L O R A T I O N  
4 . 5 2 1  R e v i e w s  a n d  o v e r v i e w s  
I n  t h i s  s e c t i o n  w e  w i l l  v e r y  b r i e f l y  e x a m i n e  a  f e w  E n g l i s h  l a n g u a g e  
j  
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p u b l i c a t i o n s  t h a t  p r o v i d e  ' a '  g e n e r a l  m e a s ' u r e  o f  t h e  " s t a t e  o f  t h e  ' a r t "  o f  
g r o u n d w a t e r  h y d r - o g e o c . h e m i _ c a l '  e ' x p  l o r a t i o n  , l .  
1  
, ·  \  j  · ,  . · ,  L  '  .  _  ,  . . . . . .  •  
A c c o r d i ' n g  ' t o  E r i c k s o n  ( 1 9 7 1 / 8 4 6 / ) :  t h e  p ' r i r i c i p l e  c h a n g e s  i n  g e o c h e m i c a l  
'  '  '  ~ ~ •  ~ · t  •  .  &  •  •  •  •  
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( z )  
F i g . l 2 .  C o n t e n t  o f  f l u o r i n e  a n d  o r g a n i c  m a t t e r  (permanganat~ o x i d i z a b l l i t y }  i n  t h e  w a t e r s  o f n o r t h e m  
t a i g a  l a n d s c a p e s  o f  t h e  A l d a n  U p l a n d  ( 8 1  s a m p l e s } . /  = w a t e r  f r o m  o u t s i d e  a r e a s  o f p h l o g o p i t e  d e p o s i t s ;  
2  =  w a t e r  f r o m  a r e a s  o f  p h l o g o p i t e  d e p o s i t s .  
G E O C H E M I C A L  P R O S P E C T I N G  F O R  C O N C E A L E D  O R E  D E P O S I T S  
~~mzi~~~4Bs06D,P~J,ffi, 
F i g . 1 6 .  D i a g r a m m a t i c  d e p i c t i o n  o f  p r o s p e c t i n g  f o r  u n d i s c l o s e d  u r a n i u m  d e p o s i t s  o n  t h e  b a s b  o f  c r i t e r i a  
o f  t h e  t h e o r y  o f  e p i g e n e t i c  z o n a t i o n .  1  =  i g n e o u s  r o c k s ;  2  =  a q u i f e r s  i n  s e d i m e n t a r y  s t r a t a  - t h e  u p r a i s e d  
f l a n k s  o f  a n  a r t e s i a n  b a s i n  ( s a n d s ,  e t c . ) ;  3  = h o r i z o n s  i n  t h e  s e d i m e n t a r y  s t r a t a  i m p e r v i o u s  t o  w a t e r  
( c l a y s ,  e t c . ) ;  4  = o r e  b e d s  a t  a  r e d u c t i o n  b a r r i e r ;  5  = d i r e c t i o n  o f  m o v e m e n t  o f  t h e  w a t e r ;  6  ; :  r e d ,  
b r o w n ,  y e l l o w  a n d  g r e e n  r o c k s  w i t h  o x i d i z i n g  c o n d i t i o n s  ( h y d r o x i d e s  o f  i r o n ,  e t c . ) ;  7  =  g r e y  r o c k s  
w i t h  r e d u c t i o n  c o n d i t i o n s  ( p y r i t e ,  o r g a n i c  m a t t e r ,  e t c . ) ;  8  =  z o n e s  o f  l a y e r e d  o x i d a t i o n ;  9  =  t e s t  b o r e s  
o n  t h e  a r t e s i a n  s l o p e .  a ,  b  = p r e - o r e  b o r e s  ( i n  t h e  l a y e r e d  o x i d a t i o n  z o n e ) ;  c  = p o s t - o r e  b o r e s  ( i n  t h e  
z o n e  o f  r e d u c e d  r o c k s ) ;  d ,  e , f  = o r e  b o r e s  i n  t h e  d e t a i l e d  p r o s p e c t i n g  s e c t o r .  
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The sampling of groundwaters is intrinsically a more powerful method than 
the sampling of surface waters, since the former waters make more thorough 
contact with the host rocks and have longer residence times in these 
formations. Groundwater hydrogeochemistry is therefore recognized as a 
potentially powerful regional reconnaissance method, especially in those 
instances \vhere· soil sampling is not feasible. Attempts have of course 
been made to exploit this potential, but in Levinson's opinion the results 
have generally been rather poor. Even in very recent years the use of 
the method has been restricted by a number of problems, amongst which are 
included the following: (i) Seasonal fluctuations in water composition. 
(ii) Regional variations 1n water composition. In a sense natural water 
1s not as complex as other earth materials such as soils, because the vast 
majority of normal dilute waters do not contain more than eight major 
(>lmg/1) components (Ca, Mg, Na, K, HC03 , so4, Cl, Si02). Other elements 
that are abundant in the crust, such as Al, Fe, Mn and Ti, are not normally 
concentrated in groundwater because they are hydrolysed or have commonly-
-occurring insoluble phases. Nevertheless, the composition of groundwaters 
often varies greatly from one region to another or even from one aquifer 
to the next, and this can quite severely complicate the interpretation of 
exploration data. The concept of using the ratios of concentrations of 
components has lessened this problem considerably, but cannot eliminate it. 
(iii) With the exception of the major ions, very low concentrations of 
most components are encountered and almost all of the pathfinders sought 
in groundwaters are present to the extent of a few parts per billion only. 
(For a long time this caused severe analytical problems and it is only 
., . 
in the last few years that substantial progress has been made in the field 
of large-scale, routine, multielement, ultratrace analysis of natural waters). 
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It is recognized that there are several powerful natural phenomena that 
suppress the concentrations of many elements in natural solutions. The 
scavenging effect of certain natural precipitates is now well-known and 
it has also been recognized that practically all elements, and particularly 
those given to adopting cationic forms, may be adsorbed or ion-exchanged 
onto or into various mineral substances such as clays or humic complexes. 
This leads to problems of interpretation that are not related to analytical 
difficulties. In those cases where a dispersion halo consists of a relatively 
minute mass of metal disseminated within a comparatively vast volume of water 
it is not uncommon for the physical and chemical effects of the country 
rock, or the aquifer from which the sample is drawn, to override and dis-
guise the influence of any orebody in the vicinity. Nor are we in a position 
yet to overcome these difficulties by applying equilibrium concepts to cal-
culate the probable results of reactions between groundwaters and host rocks~ 
We lack adequate data for the average abundances of trace elements in ground-
waters and our understanding of the theoretical maximum concentrations of 
these microcomponents in natural solution is very imperfect. The inadequacy 
of current theory is clearly shown by the fact that observed concentrations 
very frequently exceed the theoretical maxima. The problem is compounded 
by the frequent occurrence of disequilib~ation systems at redox or litho-
logical barriers, or where waters mix. Kinetic and reaction data for these 
situations are wholly lacking. (i v) High costs of collection and trans-
portation of water samples. (v) Problems of contamination. For obvious 
reasons water is very easily contaminated both before and after collection. 
(vi) Sample preservation. It is well-known that several elements or other 
chemical species are rapidly lost from samples of natural waters and that 
the stabilization of these·samples is often difficult and costly. (vii) In 
• 
-
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many cases hydrological information is needed in order to interpret the 
raw chemical data. Methods exist for the measurement of hydraulic gradients 
and other hydrological parameters (for example, through the use of dyes 
and radio-isotopic tracers) but it is seldom possible to use them in practical 
regional exploration projectsc Data from a large number of wells are usually 
required for practical hydrological studies - hydrologists frequently drill 
many additional holes purely for this purpose - whereas the exploration man 
will often, for one reason or another, be limited to incomplete information 
from only a few holes per square kilometer. The problem becomes severe in 
fractured rocks where the anomalous pattern may be highly complex and. not 
readily contoured or visualized in three dimensions. In extreme cases 
linear anomalies can result, e.g. as a line of springs along a fault. 
Similar difficulties may be encountered in highly permiable rocks, in which 
oxidizing conditions can exist well below the water table. This has the 
advantage of promoting dispersion, but can also result in displaced or very 
widely disseminated anomalies. For these and other reasons it has proved 
to be rather difficult to trace dispersion haloes in groundwater. 
Levinson and many other writers have made it quite clear that it 1s 
neither possible nor desirable to strictly separate the science of ground-
water hydrogeochemical exploration from other chemical studies of subsurface 
waters. 1ne prospector who samples groundwater stands to benefit greatly 
if he is aware, in a general sense at least, of the current status of 
research into groundwater hydrogeochemistry other than that which fall into 
the narrow field of exploration for mineral deposits. An excellent recent 
review of the broader topic has been given by Johnson and Meyer (1975/976/). 
An equally important review of general subsurface hydrogeochemistry in the 
1970's is that of Barnes and Hem (1973/1042/), This work is not concerned 
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with prospecting applications but is a very thorough study of all general 
aspects of the literature dealing with all types of subsurface waters. 
It is thus a most useful work for the prospector who wishes to view his 
exploration theories and practices against a broader background of modern 
hydrogeochemical knm.;rledge. There are 178 references. 
4. 522 l'lethod_ology, sampling_, contamination problems, analysis, data 
handling, interpretation 
Several important publications that fall into this class appeared 
between 1963 and 1978. Some deal with specific aspects of analysis, or 
computer applications etc. while others have dealt more broadly with 
general methodology in hydrogeochemical prospecting. Many of these ideas 
and methods will of course apply equally well to both surface waters and 
groundwater. 
Dall' Aglio ( 1968/890/) gave a short but useful summary of "the 
organizational and methodological problems" encountered in hydrogeochemistry . 
. This paper includes aspects of analysis, sample stabilization and computerized 
data handling practices. 
Hem (1970/1028/) produced an updated version of his classic (1959/286/) 
"Study and interpretation of the chemical characteristics of natural water". 
This tome (363 pages) remains one of the "holy books" of the water sampler, 
but unfortunately n~ attempt can be made here to review a work of this size. 
Recent useful reviews of aspects of water characterization, sampling pro-
cedures, chemical evolution of groundwaters and the stability of samples 
of groundwaters have been given by Wa1lish (1977/1112/) and Reed (1977/1113/). 
Problems of sample contamination before collection have become more 
serious in recent years as a result of anthropogenic pollution of groundwaters. 
Hosking (1971/856/) presented an intere~ting summary of some of the difficult-
ies associated with the use of hydrogeochemistry (surface and subsurface) 
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1n Cornwall, where contamination is almost universal. The problem is 
generally insoluble in those areas where levels of contamination are very 
high. Pings (1968/941/) showed that the mine workings of Pennsylvania 
generate over one million tonnes of "natural" sulphuric acid per year, 
all of which is dispersed by water. It cannot be imagined that this will 
be without effect on the local hydrogeochemical regimes. Recent work 
(1976/943/) in the Transvaal has decisively dispelled any illusion that 
the relatively under-industrialized nations such as South Africa are free 
of this problem, 
The reviewer, together with Klapper (1976-1978/1001-4/) has presented 
elsewhere the results of an extensive experimental investigation of the 
twin problems of sample contamination in storage vessels and sample stab-
ilization. This documentation, which includes a comprehensive literature 
survey of historical and current publications dealing with the problem, 
runs to several hundred pages and cannot be adequately repeated here. The 
principle findings of the experimental studies can be summarized as follows: 
(i) Hydrogeochemical samples can, in most instances and for most elements, 
be effectively stabilized by a combination of acidification (pH 1,0) and 
£ . -20°C. · ree z1ng at (ii) Contamination from well-cleaned polyethylene 
containers, whether they contain acidified or unacidified samples, is 
negligible even after four years of storage. (iii) Precleaning of poly-
ethylene with 10% nitric acid solution for twenty-four hours is optimal. 
Stronger acid or longer cleaning is neither necessary nor desirable. 
(iv) If the closures of the containers are not made of polyethylene, then 
care must be taken to ensure that they are not degraded by the acid. 
(v) Nitric acid (as opposed to HCl and HCl04 ) appear~ to be the best pre-
serving acid for pg/1 solutions of Cd, Zn, Tl, Pb, Mn, Ag, Cu, Co, Fe and 
Cr. Unfrozen samples containing some or all of these elements, if acidified 
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to pH 1,0 with nitric acid, \V"ere completely stable for at least eight weeks. 
Other recent studies of the problem of sample stabilization are those 
of Lo and Wai /1040/, King et aZ. /1041/ and Toribara et aZ. /1043/. 
Some mention was made in the previous section of the considerable 
progress that has been achieved in the field of water analysis in the last 
fifteen years. Three techniques have come to the fore in the routine 
analysis of trace or ultratrace amounts of elements in natural water- Atomic 
absorption spectroscopy, Neutron activation methods, and X-ray fluorescence 
spectrometry. 
Atomic absorption methods have of course produced a complete revolution 
1n this field and since the early 1970's the advent of flarneless AAS methods 
has established this technique very firmly in hydrogeochemical laboratories. 
One of the earliest comprehensive account of these methods was written by 
Friedrich et at. (1973/871/), but within only a few years the technique was 
already considered to be well-proven /872 p. 19/. 
Despite the well-known disadvantages of neutron activation analysis, 
the importance of this method in hydrogeochemistry continues to grow rapidly. 
Provided that the activation facilities are available the use of the method 
often has advantages that cannot be matched even by AAS methods. The 
application of neutron activation methods irt hydrogeochemistry is well 
illustrated by the contents of the Preprint Volumes of the Proceedings of 
the 19 76 International Conference on Modern Trends in Activation Analysis 
/984/. These preprints contain a great deal of information that will 
interest the hydrogeochemist but no specific articles from these books will 
be mentioned here, as the foreword of the work specifically forbids this. 
The items of interest include (i) The use of Indium-EDTA for tracing ground-
water movement. (ii) The study of metals in natural ice sheets. This has 
confirmed that the metals in natural water samples can be totally immobilized 
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for decades by deep freezing. (iii) Neutron activation analysis of water 
samples, with a section on contamination problems in ultra-trace analysis. 
It was shown that freezing 1s indeed the surest means of sample preservation. 
Samples six months old showed no deterioration whatever. (iv) Several 
sections of various papers deal with aspects of ultra-clean hydrogeochemical 
sampling, and sample handling and storage procedureso (v) Neutron activation 
analysis applied to the study of the mobility of elements in natural water. 
Despite the considerable impact that AAS and NAA have had, many hydro-
geochemists have remained very interested in the possibility and the obvious 
advantages of determining microcomponents of water by X-ray fluorescence 
methods. Green et aZ. (1971/860/), for example, described a combined ion-
-exchange/XRFS method for the determination of microgram amounts of metals 
in water samples and other materials. Parslow and Dwairi (1977/1103/) 
recorded a novel way of preconcentrating uranium from waters in the field 
by using ion-exchange resins in teabags. This eliminates all of the problem~ 
associated with the transportation and storage of unstable water samples. 
Several papers described modern computer-oriented procedures for 
handling large amounts of hydrogeochemical data. Turner (1967/1029/) gave 
an account of a computer-based data storage system for groundwater hydro-
geochemical information. A major publication by Gill and Rosenthal (1975/320/) 
dealt with Fortran programs for processing hydrogeochemical data. The prin-
ciples underlying the programmed computations are discussed in detail and 
there is an important review of previous work on the handling of hydro-
geochemical data. 
Further information on the subject of computerized data manipulation 
1s given in a publication by Dall'Aglio and Gigli (1972/909/). This paper 
also records a nove 1 approach 'to the checking of major component balances 
in water analyses. Instead of balancing the equivalent masses of cations 
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and an1ons, these authors calculate the electrical conductivity from the 
ionic ac ti vi ties of all the ions present and compare this valve to the 
measured conductivity of the sample. 
The ultimate objective of data handling remains interpretation. 
Hydrogeochemists have adopted many methods of data interpretation and these 
vary from fairly simple statistical analysis to highly sophisticated math-
ematical modelling. Smirnov (1963/803/) presented an interesting discussion 
of the statistical distribution of the concentrations of elements in natural 
waters. He suggested that the distribution of many species in moderately 
dilute waters (i.e. typical groundwaters) will be lognormal. Normal dis-
tributions are usually restricted to very saline waters such as oilfield 
waters. It follows that one must be cautious about applying normal 
statistical tests to groundwater hydrogeochemical data. 
A paper by Hitchon et al. (1971/1045/) provides a very good example 
of the advanced mathematical techniques that are being applied to hydro-
geochemical data in order to obtain quantitative genetic m.odels of the 
I 
distribution of various chemical species in typical waters of different 
geographical regions or lithological zones. Using various statistical 
procedures, these authors showed that .the formation waters of the western 
Canadian sedimentary basin must originally have consisted of connate sea-
water, which has been modified to a greater or lesser degree by processes 
such as dilution by fresh water, membrane filtration, halite dissolution, 
di £fusion of ions to the surface, dolomitization, sulphate reduction, 
chlorite formation, ion exchange reacti~ns with clay minerals and organic 
compounds and solution equilibration of salts such as Caco 3 and Srso4 . 
Advanced modelling of this sort is obviously of enormous potential value 
to the exploration geochemist. 
137. 
4.523 Hydrogeology, water-rock interaction, pH/Eh, complex 10n 
formation 
Some of the rev1ew articles mentioned 1n Section 4.521 emphasized 
the need to establish closer links between hydrochemistry, hydrology an& 
hydrogeology in mineral exploration, and 1n this section the work of 
some of the writers who have contributed to a closer integration of these 
disciplines will be examined. 
Kovalev et al. (1968/1038/) showed that in some groundwater prospecting 
surveys there is a very real practical need to place the greatest emphasis 
on the hydrology of the region under investigation. In the Turgai syncline, 
for example, the waters of crystalline rocks, fracture zones and of the 
sedimentary mantle occur together but are of very different types. Several 
subtypes were identified and each had its own characteristic set of threshold 
values for the various indicator elements (Cu, Zn, Pb, Mo, Cr, Bi, As, Ga, 
Ag, Te, Sn, Sb), which were determined spectroscopically. A careful analysis 
of the hydrological relationships between adjacent bodies of waters lead 
to the location of several anomalies. 
Haefeli (1971/1064/) provided a good example of how hydrological para-
meters can be inferred from hydrogeochemical data if circumstances are 
favourable. He showed clearly that systematic "metamorphism" of waters 
occurs during lateral migration through shallow aquifers. If these changes 
are well understood, then it follows that an outline of the local hydrological 
cycle can be established by studying the "main hydrogeochemical criteria" 
of groundwaters. In this manner the "origin, recharge and discharge areas 
or the flow direction of the groundwater" can be determined. Haefeli notes 
that [Hco3 ] is controlled by the carbonic system but that [Cl ] and [soz] 
accumulate as a result of slow dissolution of rock components and seldom 
reach saturation levels. This is one important reason why the composition 
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of groundwater changes with time. Base: exchange is another powerful 
mechanism that modifies the compositiorl of almost any kind of subterranean 
water. 
Parsons (1967/831/) provides another example of recent progress ~n 
the attempt to understand the evolution and movement of groundwaters by 
establishing the origin of dissolved components. He too found that the 
patterns of distribution of the major components of groundwaters are 
clearly related to the 1i tho logy of the host rocks, but showed that this 
was not always revealed by simple ionic ratios. In the Upper Notukeu 
Creek Basin (Saskatchewan), for example, the Ca/Mg ratio 11 is erratic 
and appears to have 1i tt le or no significance11 • On the other hand 
sympathetic changes in the ratios Na/(Ca + Mg) and HC03/so4 were much more 
useful. 
Hoag and Webber (1975/1089/) described some very interesting experiments 
~n Quebec in which an attempt was made to trace the source of anomalous 
waters by quantitative measurement of certain hydrogeochemical parameters 
that are a function of the distance travelled by the groundwater sample. 
They selected sodium as the indicator and based their calculations on the 
assumption that this metal was derived from the dissolution of albite. 
The equation derived was 
L = 
where Lis the distance travelled by the water, A is an empirical constant 
determined experimentally, ~His the hydraulic head and MNa is the molarity 
of sodium in the sample. This method was used in conjunction with the 
distribution of sulphate ion and Si/Na ratios to locate the sources of 
mineralized waters flowing near volcanogenic mineral deposits. 
The abovementioned publications are but a very small indication of the 
growing importance of understanding the relationship between regional 
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hydrology, hydrogeology and hydroChemistry on the one hand and groundwater 
hydrogeochemical exploration on the other, It is unfortunately not possible 
to give many more examples here for want of space but the reader who wishes 
to obtain extra material can consult the following key references: (1) Toth 
(1970/1065/), for a description of conceptual models of the groundwater 
regime and the hydrogeological environment. (2) Burger (1975/1114/) and 
Back and Zoetl (1975/306/), for a discussion of the principles of water-
-rock interaction in the carbonic system. (3) The Symposium Volume edited 
by Cadek and Paces (1976/1115/), for a large number of papers summarizing 
many aspects of modern thinking on the topic of chemical interaction between 
rock materials and groundwaters. 
The characterization of water-rock interactions in terms of Eh, pH 
and electrochemistry remains an interesting, fruitful and difficult field 
of study for the hydrogeochemist. Bolviken et al. (1973/869/) described 
devices for down-hole measurement of pH and Eh. They stressed the importance 
of these measurements in hydrogeochemical exploration and the difficulties 
encountered in doing them properly. They found, like previous workers such 
as Hansuld (1966/870/), that a major problem with Eh measurement in dilute 
natural wat~rs is the nearly vanishing concentrations of the components of 
2+ 3+ important redox pairs such as Fe /Fe . Bolviken et al. provide a useful 
list of references to earlier work on Eh in groundwaters. 
Sveshnikov (Sveshnikov and Ryss, 1964/811/) followed up his earlier 
\vork I 35 7/ on groundwaters of ore bodies as components of electrochemical 
cells. A convincing case is made to support the suggestion that the heavy 
metal chemistry of mine waters, for example, will be powerfully influenced 
by electrochemical dissolution and precipitation reactions as well as simple 
redox reactions. The groundwater in the vicinity of an orebody that is 
undergoing oxidization acts as a conductor between the cathodic oxidized 
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ore and the anodic primary pre and may have an Eh as high as +0,8v. The 
mobilities of copper and silver, in particular, are strongly affected by 
this galvanic reaction, and they are very typical of the zone of secondary 
enrichment that develops at the base of the cathode. Microgalvanic cells, 
formed by the local flow of electrons between minerals with different 
electrode potentials, may cause the dissolution of electronegative compounds 
such as galena and sphalerite and thus enrich nearby waters with heavy 
metals. This mechanism is particularly important because it provides for 
the release of metal ions even in the absence of free oxygen, for example: 
++ 0 -PbS + Pb + S + 2e 
This effect is most pronounced 1n polymineralic-polymetallic deposits. The 
most important possible result of powerful electrochemical (as opposed to 
simple oxidative) solution is the formation of a heavy metal groundwater 
hydrogeochemical anomaly without the presence of high concentrations of 
sulphate ion, and with the relative concentrations of the dissolved heavy 
metals very different to their proportions in the ore. This "electrochemical 
migration" has been very little studied but in at least one case (Rudnyi 
Altai) it has been responsible for some unusual effects. ++ ++ Here Cu , Zn 
++ + Fe and H reach a maximum concentration in the waters directly over 
the oxidized zone of the polymetallic ore, while there is a simultaneous 
and sharp drop in the concentration of dissolved sulphate. 
Edmunds (1973/982/) claimed that although there was much mention in 
the 1i terature about the importance of Eh (and pH) we really know very 1i ttle 
about actual Eh conditions and Eh-controlled phenomena in real rock/water 
systems. The number of studies "in which detailed controlled measurements 
of redox potentials in ground water have been made" is very small indeed. 
Most Eh values reported in the literature are probably too high because of 
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oxygen contamination. Edmunds studied the changes in water chemistry that 
occurred as water moved down dip along a gently sloping limestone horizon 
~n eastern England. The water migrates mainly via fissures and the rate 
of movement, as deduced from measurements of bomb tritium, is about 2km/year. 
Samples were readily obtained from artesian boreholes at various points 
along the dip slope over a distance of sixteen kilometres from the surface 
outcrop (recharge point) of the aquifer. The procedures for measuring Eh, 
++ 
or for calculating it from other measurements such as Fe and pH are given. 
It is important to note that stable Eh readings were obtained only after 
a minimum period of 35 minutes (max. 105 minutes) as the water flowed con-
tinuously through an air-proof measuring system. The reason for this slow 
stabilization is not discussed. 
The results showed that there is a sharp redox barrier in the aquifer 
some 12 km from the outcrop. The Eh is initially buffered by the presence 
of free oxygen (+400 mv) but falls sharply as the concentration of free 
oxygen approaches zero (+150 mv). The water becomes steadily more reducing 
further down dip as reduced species such as HS begin to appear* (+125 mv). 
At the deepest point for which data are available the Eh approached -100 mv. 
The changes that occur in the chemistry of the waters along the traverse 
are summarized in Figures 3, 4 and 5. Unfortunately, it appears that some 
of the information in these diagrams (e .. g. the·. Ca ++ graph) is ~n direct 
conflict with the ideas expressed in the text and so the data must be 
assessed with caution. 
Note that the "pH barrier" is not coincident with the Eh barrier. 
All major changes in chemistry occur up to about 4 km beyond the Eh barrier. 
Sulphate is lost by reduction by organic matter and this results in an 
*Edmunds points out that the human nose is exceedingly sensitive to H2s and 
can detect minute quantities equivalent to f~r less than l11g/l, so that one 
must be very careful about judging the redox state of a water from its smell 
alone. 
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~ncrease ~n [Reo;]. Calcium ~s replaced nearly stoichiometrically according 
. ++ + . f ++ . f. to the react~on Ca ++ 2N~ . The concentrat~on o Fe r~ses at ~rst 
but drops again as the pH rises. The data for the heavy metals (Mn, Zn, 
Cu, Pb) are the most interesting. "No correlation with variation in total 
iron or with the processes occurring in the aquifer can be recognized. 
The level of occurrence of most trace heavy metals will be controlled by 
the very low solubility of the metal sulphides, as well as by the availa-
bility of the elements in the limestone. It ~s apparent, therefore, that 
the concentrations of some metals are higher than those expected if equi-
librium with sulphides were attained; and this fact can be interpreted as 
indicating a kinetic delay in reactions at the low concentrations". Although 
Edmunds does not say so explicitly, the implications for hydrogeochemists 
who are intent upon apply.i,ng equilibrium chemical modelling to trace element 
distributions in natural groundwaters are obviously unfavourable. The 
actual controls involved are patently very complicated. 
Edmunds also records a notable attempt to estimate the degree of metal 
contamination from a well casing; this is probably one of the few studies 
of this sort in the 1i terature'. A sealed artesian we 11 that had not dis-
charged any water for over a year was opened and allowed to flow freely for 
twenty-four hours, during which period samples were collected at regular 
intervals. The concentrations of iron and aluminium decreased with time. 
The values for F, Cl and Mo remained roughly constant. The amount of Zn 
and Ni rose, while [Cu], [Mn] and [Ph] fluctuated (Table 3). 
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Table 3. Variations with time of se lee ted trace metals 1n ground waters 
from a borehole at Spalding (No. '18). 
Time from 
start of test Start 10 40 90 300 480 1060 1310 
(28. 5. 69) m1n min min min min min min 
Cl mg/1 468 496 510 504 488 512 472 490 
F II 5.6 5.4 5.6 5.6 5.6 5.7 5.7 5.6 
Fe \lg/1 700 380 220 140 80 70 60 75 
Zn II 280 260 260 200 200 400 545 320 
Cu II 14 20 16 10 10 20 20 14 
Mn II 2 n.d n.d 9 n.d n.d. n.d 2 
Al II 230 n.d n.d 10 n.d n.d n.d 14 
Pb II 3 n.d n.d 1 n.d n.d n.d 7 
Ni II 1 n.d n.d 1 n.d n.d n.d 2 
Mo II 1 n,d n.d 1 n.d n.d n.d 1 
n.d = not determined 
"It is apparent that there is no large solution of trace metals from the 
lining tubes when they contain standing water; concentrations higher than 
those predicted by sulphide sol ubi 1i ties are found, however, equally 1n 
static and flowing samples". The reviewer would fain offer the observation 
that these results indicate once again how frequently hydrogeochemical 
studies fail to yield rational data that can be used to substantiate 
reasonably simple models. 
The phenomenon of generally decreasing Eh during the cycle of infil-
~ation, migration and discharge of groundwaters was also discussed 1n 
somewhat more general terms by Champ et al. (1977/986/). 
The relationship between complex formation and the hydrogeochemical 
mobility of the elements has been discussed repeatedly and at length in the 
earlier sections of this review and for this reason the examination of the 
subject in this chapter will be restricted to a look at just one outstanding 
germane publication- that of Shvartsev et al. (1975/1102/). These authors 
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recently summarized the vast accumulation of factual data that is now 
available from the analyses of groundwaters collected in the Soviet Union 
for purposes of mineral exploration. Table 1 (data columns 1 and 2), which 
is based on many Soviet studies, is a summary of data for fairly neutral, 
non-anomalous waters of both oxidizing and reducing (gley) types. These 
values are quite low and in the opinion of the authors this "reflects the 
dynamic equilibrium established between the solution and the rocks in the 
zone of active water replacement as a result of different biogenic process". 
The waters appear to contain more Zn, B1 F and Br and less Ra, Th, Au and 
Bi than is consistent with this "dynamic equilibrium". The authors point 
out that many researchers believe that the microcomponents of water come 
from rocks, but noted that "we do not know actually what part of micro-
components in water are due to soils and what part to enclosing rocks". 
In some areas at least the contribution of the soil is dominant, The 
contribution from atmospheric sources is usually insignificant. 
This picture changes remarkably in the presence of ore mineralization. 
Table 1 (data columns 3 and 4) shows the anomalous values and contrast 
ratios observed in Soviet groundwaters. In almost all cases the contrasts 
are very high. Thus even in neutral waters, where many microcomponents 
are subject to hydrolysis, groundwater hydrogeochemical prospecting is 
clearly a very favourable possibility. It is important to note that equi-
librium-solubility calculations very frequently underestimate the amounts 
of various elements that can exist in solution in neutral waters (cf. Table 
1 with Table 2). This is rather sobering, as it underscores the inadequacy 
of our present models of mineral/solution solubility equilibria in dilute 
waters. "The mobility of elements is determined by their capacity for 
complex ion formation" and not by the hydrolysis of the simple aqueous ions. 
"It is precisely this capacity of elements to form stab.le complex compounds, 
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which makes it possible to explain the high contents of hydrolysate elements 
~n subsurface waters, and consequently their increased migration ability 
as well". Thus simple ions of the hydrolysate elements are seldom found, 
whereas complexes with Cl, F, Br, sulphate and others are very common. 
For example, strong complexes form between F and Be, Nb, Ti and Th in 
neutral waters. Gold, Hg, Pb and Ag form chloride ligands, hydroxo-
-complexes solubilize V, Sn, Sb and Zr, and U and Cu enter into combination 
with the bicarbonate ion. Organic compounds - humic, fulvic, oxalic and 
lactic acids, and others - also form "easily soluble complex compounds 11 
with many trace metals. Stated in different terms, 11 the formation of 
soluble complex compounds raises the pH of precipitation of the hydroxide, 
and consequently, enhances the migration capacity of the elements ..... 11 • 
The authors note that some elements may migrate in colloidal, i.e. non-
-dissolved forms. 
4.524 Organic matter, gases, particulate matter, thermal/mineral waters 
None of these topics is regarded as being part of the mainstream of 
this review and they will be dealt with only briefly. 
According to Bukova and Nikitina (1964/809/) the organic matter of 
groundwater has been relatively little studied. These workers analysed 
natural waters from upland areas and found that they contained from 1,2 
to 7,2 mg/1* of water soluble organic acids (as CH3coOH). The concentration 
* Some exploration hydrogeochemists may be slightly amazed to find that 
organic matter is often, by definition, a major component (>1 mg/1) of 
groundwater. Organic compounds are usually ignored in exploration surveys 
and are assumed to be pr~sent in negligible amounts. In fact it is not 
uncommon for the concentration of the soluble organic compounds to exceed 
those of dozens of metallic microcomponents. 

TABLE II 
Calculation of the maximum possible concentrations of a number of element hydro· 
lysates and elements which form slightly soluble compounds in neutral waters 
Element Form of migration Compound limiting Calculated maximal 
without allowance for the migration ability possible concentration 
complex ion formation with pH=7 .0, ppb 
Barium Ba2+ BaS04 205* 
Beryllium Be2+ Be(OH)2 1.4 x 10-• 
Vanadium V'* V(OH)3 1.0 X 10-4 
Bismuth BiO'* Bi20 3 2.1 
Bismuth Bi'* Bi(OH), t.2 x to-• 
Niobium Nb02+ NbO,OH 0.2 
Tin Sn2+ Sn(OH), o'.4 x to-• 
Tin Sn4+ ~n(OH)4 1.2 X 10'"' 1 
Lead Pb2+ PbS04 2700* 
Silver Ag• AgCl 10** 
Scandium Sc'* Sc(OH)3 45 
Antimony SbO+ Sb20 3 O.Ot4 
Titanium Ti3+ Ti(OH)3 4.8 X t0-12 
Titanium Ti02+ Ti0(0H)3 4.8 x 10-• 
Thorium Th4+ Th(OH)4 2.3 x 10-• 
Uranium UQ22+ U02(0H)3 5.0 
Chromium Cr3• Cr(OH), 0.035 
Zirconium Zr4+ Zr(OH)4 5.5 X t0'"'2 
Zirconium Zr02+ ZrO(OH)3 2.1 x 10-• 
*At a concentration of 8042 • = 48 ppm. 
**At a concentration of Cl- =50 ppm. 
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of organic acids bore no obvious relationship to the type of water. Other 
soluble organics included medium molecular mass humic substances and fats. 
Even very fresh water contains organic acids in quantities in excess of 
the concentration of many trace metals. It must be assumed that the 
carboxyl groups of the acids will influence the mobility of many microcom-
ponents by playing "an important role in the formation of chelate compounds". 
This was corroborated by Varshal and his co-workers (1975/840/), who showed 
that Ca and many rare earth elemep.ts are frequently present in natural waters 
as organic complexes. The nature of the organic substance present strongly 
affects the solubility and stability of the metallic complex and hence 
influences the migration of these elements. 
Szalay (1969-1973/919-20/) continued his long series of experimental 
and observational studies of the effects of organic matter - especially 
humic compounds - on the mobilities of the elements. Figure 5 is a deceptive-
ly simple summary of many years of investigations by this author and his 
co-workers. Note that Ho and V* are the only metals known to be relatively 
resistant to sorption by humic molecules. 
Dyck and Jonas son ( 1977 /918/) investigated the possibility of using 
the gaseous components of groundwatet:"s as indicators of mineralization. 
They studied the distribution of H2 , He, CH4 , o2 , H2s, co2 , Rn, N2 , Ne and 
Ar in various groundwaters around copper and uranium deposits in Quebec. 
It was possible to explain the distribution of most of these species in 
terms of geochemical principles but only Rn and He were obviously related 
to any kind of mineralization (uranium ore). 
Kennedy et al. (1974/902/) undertook a notable study of the distribution 
and abundances of metals in particulate matter of varying sizes suspended 
* Dall'Aglio et al. (/988/, Section 4.526) disagrees and claims that Vis not 
resistant. 
A. SZALAY, Humic acids and accumulation of uranium 
Fig. 5. lnteru.ctio~ of insoluble humic acids with elements of the periodic table. ElementR sorbed 
in squares, those certainly not sorbed in circles. V and Mo are sorbed after reduction of anioni<· 
migrating form into cations. Others not investigated yet. 
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J.n natural water o Several writers have observed that the microcomponents 
of natural waters 1 including subterranean waters, are not always in true 
solution. 
Exploration hydrogeochemists other than oil prospectors have never 
paid a great deal of attention to thermal or mineral waters and a general 
feeling has grown that it will not be easy to use these waters as guides 
to metallic deposits. Dall'Aglio and Tedesco /913-4/ discussed some 
of the chemical features of the thermal springs of Sicily and, by implication, 
summarized the reasons why it is difficult to use waters of this type in 
hydrogeochemical exploration for ores. They studied the composition of 
Sicilian spring waters between about 1967 and 1969. The distribution of 
bicarbonate ion was fairly constant, but [NaCl] varied greatly because bf 
the occurrence of buried evaporites in some areas o The concentrations of 
most of the major components increased with TDS, except forK and Si, which 
remained remarkably low. Dall' Aglio e.t aZ. concluded that the composition 
of the groundwater is extremely dependant on local litho logy and that there 
J.S an intense exchange between surface waters and groundwaters in some 
areas. It '\vas noted that earthquakes could cause radical changes in the 
compositions of spring waters -e.g. marked increases in TDS or in the 
concentration of a given J.on - and that these changes can persist for more 
than a year after the earthquake episode. Gorbushina et aZ. ( 1972/925/), 
who studied the mineral waters of the Tashkent Artesian Basin 1 confirmed 
that the accumulation of stress in rocks could cause slow, progressive 
changes over many years in the composition of groundwaters and that the 
release of this stress as a shock wave caused radical changes in water 
chemistry. Uranium and fluorine are amongst the elements particularly 
affected in this manner. 
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Despite these and other limitations, further attention might profitably 
be given to the possible uses of thermal/mineral waters in ore prospecting, 
especially on the broader regional scale. James (1967/880/) suggested that 
the metal content of thermal springs might be used to delineate metallo-
genic provinces. 
4.525 Anions, halogens, sulphate, boron, alkali metals, alkaline earths 
Over the last fifteen years there has been a fair amount of additional 
research into the role of anions in groundwater hydrogeochemical exploration. 
The halogens appear to have received particular attention. The Russians, 
in particular, seem to have used halogens such as Br and I as pathfinders 
with some success, but have pointed out that this requires a good under-
standing of the possible sources and hydrogeochemical behaviour of these 
elements. Moshkina and Nikol'skaya (1964/814/) studied the behaviour of 
some halogens and other microcomponents during the metamorphism (natural 
ageing) of artesian waters of the Irtysh Basin. As the waters change with 
age and distance of migration Li, I and especially Br accumulate while B 
and F are removed from solution. The concentration of arsenic remained very 
low in almost all waters - typically 0,1 to 2 ~g/1. Krasintseva (1964/817/) 
noted that the Cl/Br ratio is lower in the waters of older sedimentary rocks 
and believed that this reflects an increase in the Cl/Br ratio in the oceans 
through geological time. It is self-evident that Br background values might 
have to be adjusted for these effects in certain prospecting surveys. 
Of the halogen elements, fluorine has received the most attention ~n 
recent years /963-969/. Again, most of the work in this direction has taken 
place in the U.S.S.R. /1099/. In several related publications (1973-1976 
/830, 968, 1099/) Lalonde.showed that halogens ought logically to form 
dispersion haloes around many types of orebodies (note the composition of 
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fluid inclusions in ore minerals) and claimed·that fluorine is a particularly 
promising indicator of such mineralization. He studied the dispersion of 
this element in the vicinity of fluorite-rich veins in Precambrian carbonate 
rocks (marbles) near Madoc in Ontario. TWo hundred samples were collected 
from wells and springs and analysed for fluoride by means of an ion-sensitive 
electrode. A very strong correlation was observed between [F-] in ground-
water and the location of the fluorite bodies. "Fluoride in grouridwa ters 
clearly delineates areas of known mineralization as well as other areas of 
possible interest", Examples of the anomalies observed at the Madoc fluorite 
veins are shown in Figures 4 and 5. Lalonde warns however that such anomalies 
"can change drastically within hundreds of feet" and could be missed if 
sampling points are too widely spaced, 
The range of observed fluoride concentrations in the region was from 
21 to 1800 ).Jg/1. The distribution of the data was strongly and positively 
skewed and the author regarded this fact as a sign of mineralization 1n the 
area. Background concentrations of fluoride were clearly influenced by 
lithology and varied from 63 J.Jg/1 in volcanics to 115 J.Jg/1 in limestones. 
However, the concentration of fluoride was not influenced by the pH. 
Replicate collection and analysis of several samples showed that [F-] varied 
by less than 10% in a period of six weeks. However, six months later 1n 
autumn, after summer rains, both the background and anomalous values had 
shown a general but not uniform increase. Some values increased tenfold, 
These changes were attributed to the influence of the rainfall, but the 
reasons were not clear, The author suggested that the patterns of ground-
water flow may have altered, 
In the Abitibi area fluoride ion was used as a hydrogeochemical path-
finder for Cu-Zn-Ag sulphi.des and other deposits possibly buried under a 
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formidable layer of lacustrian clay from 40 to 250 feet thick, Some 2500 
orientation and reconnaissance samples were collected ,over a large area, 
from wells, drill holes and springs. These samples were analysed for 22 
elements, including fluorine, The range of [F ] was 20 to 1200 llg/1 and 
the threshold was taken to be 200 llg/1. Lalonde regarded the results as 
extremely favourable. Figures 15 and 16 show the fluoride anomalies 
associated with two gold deposits. The method has apparently delineated 
several new and interesting anomalies but the results were regarded as 
confidential at the time of publication of Lalonde's results. He does 
however mention that these anomalies, like those at Madoc, are not broad -
seldom more than half a mile - and that high sampling densities must therefore 
be maintained. 
Schwartz and Friedrich (1973/1108/) reported the results of hydro-
geochemical exp lora,tion for fluorite deposits in parts of Spain. Fluoride 
was determined in spring and other waters, The background concentration 
was typically below 280 llg/1 and values above 1 mg/1 were considered to 
be anomalous. Seasonal variations did not affect [F-] in springs, but it 
did in large rivers. Two anomalous springs were found at Puig Rodo, and 
subsequently a new fluorite occurrence was discovered. ups lope from the 
springs. 
Jacks et aZ. ( 19 73/963/) investigated the fluoride content of ground-
waters near skarn fluorite deposits in Sweden, The authors note that 
fluorite ~s quite soluble in water (>lmg/1) and that the concentration of 
fluoride ion in natural waters is therefore controlled by less soluble 
compounds such as fluorapatite. Some of these more complex fluorine minerals 
have solubilities of the order of only lllg F per litre, Thus the con-
tribution of most minerals to the fluoride content of groundwater is generally 
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very small and this is why background values for the element are commonly 
low. Much of the fluorine in circulation in the hydrological cycle is 
apparently of marine origin and in Swedish well waters the background 
concentrations of fluoride are highest in marine clays. The fluoride ion 
B more reactive than the chloride ion and wi 11 become attached to many 
+ types of solid materials or will form complexes such as MgF , Thus the 
fluoride content of water samples is inherently unstable and analysis 
should therefore be performed as soon as possible. 
In the Swedish study the background concentration of fluoride ion 
was found to be about 0,2 mg/1. Most samples had less than 0,8 mg/1 but 
some samples taken near active mines contained as much as 10 mg F per 
litre. Some displacement of the groundwater anomalies was observed, The 
authors note that fluoride is also associated with some tungsten and molyb-
denum deposits and that fluorine may therefore serve as a pathfinder for 
such ores. 
Graham et al. (1975/964/) observed that fluorine is not a common 
contaminant of natural waters and that this element therefore enjoys some 
advantage over zinc in certain situations such as, for example, wellwater 
surveys. These authors noted greater concentrations of fluorine in ground-
waters (up to 15 mg/1 than those observed by Jacks et al. (vide supra). 
Their thermodynamic data also differ from those of Jacks et al. 
. 3+ 3+ .4+ . It is noted that ~ons such as Al , Fe and s~ have the ab~ li ty to 
form soluble complexes with fluorine and thus increase the amount of dissolved 
fluoride that can exist in equilibrium with fluorite, But since these ions 
are scarce in natural waters very little F is actually present in ground-
water in the form of complexes. On the other hand high concentrations of 
Ca or phosphate ion wi 11 definitely depress [F ] . In the Madoc area of 
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Ontario, where Graham and his colleagues worked, the apparent solubility 
product of fluorapatite was not exceeded in any but a very few samples. 
The authors caution that fluorine cannot be used as a pathfinder in those 
areas where the background concentration of the fluoride ion is severely 
limited by the insolubility of fluorine minerals. Obviously, if the water 
is saturated with fluoride even in the absence of fluorine-bearing ores 
then even a massive excess of fluorine in the orebody cannot produce a 
hydrogeochemical anomaly. 
It is claimed that the "typical range" of [F-] 1.n groundwaters l.S 
1,5 to 0,05 mg/1. Seasonal variation studies (resampling after six months) 
at the Madoc deposits were very encouraging. Only thirty percent of the 
samples showed variations outside of the· 95% confidence interval surrounding 
a perfect correlation between the two sets of data. The useasonal variation 
1.s less than the analytical variation in most cases and ..... long term 
fluoride surveys are feasible". In the Madoc district the fluoride anomalies 
are not really displaced but are asymmetric, with a "tail" due to hydrological 
dispersion in the direction of groundwater movement. The peak-to-background 
values here were typically between 4 and 10 and the anomalies were a mile 
wide. Zinc was determined in the same samples but was found to be a poor 
pathfinder. 
Although fluoride has stolen the limelight in recent times, the "grand-
father" of the anionic pathfinders, sulphate, was by no means neglected. 
The most recent comprehensive assessment of the sulphate ion in groundwater 
hydrogeochemical exploration is that of Haag and Webber (1976/1100/). They 
classified the origin of dissolved sulphate (in the absence of species such 
as Caso4 ) into three groups: (i) Atmospheric precipitation. This is equal 
to 0,04 mmolejlin the study area, which was at the Eustis Mine, Quebec. 
161. 
(ii) Inorganic subsurface oxidation. This depends upon the solubility of 
atmospheric o2 (in the absence of active diffusion or circulation of oxygen) 
and cannot normally exceed 0,25 mrnole/1. (iii) Inorganic/organic surface 
oxidation. The inorganic reaction rates are significantly moderated by 
kinetic factors and occur principally at pH > 4,5. Below this value the 
bacterial oxidation processes dominate and the reaction may be very rapid. 
It follows that waters with less than 0,29 mrnole S0~/1 have probably 
not been in contact with shallow, oxidized sulphides. Intermediate con-
centrations of sulphate suggest the influence of inorganic surface oxidation. 
This process will not produce gossans and in such areas supplementary pedo-
geochemical sampling or trenching might reveal shallow mineralization. High 
concentrations of sulphate indicate the likelihood of organic oxidation of 
sulphides and the concomitant development of gossans. 
Haag and Webber also determined zinc ~n their samples but deemed the 
results to be dubious because of the effects of contamination. It was 
suspected that many samples had picked up zinc from borehole hardware 
or from mine waters. 
Gleeson and Boyle (1976/873/) found that sulphate was a useful path-
finder even at very high latitudes. They described a major groundwater 
hydrogeochemical survey in the Keno Hill area, Yukon, where 172 samples 
of spring waters and other groundwaters were collected. The authors used 
moving-average/residual element maps to process the data and found that 
[SO~] and [so:]/[Cl-] outlined the Pb-Zn-Ag mineralization that occurs 
~n the area. The distribution of chloride was governed only by the lithology 
of the country rocks and was of no significance in prospecting. Spring 
waters associated with ore were enriched in bicarbonate, sulphate, Si, F 
and Zn and had high TDS values. Interestingly, they had high pH and were 
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depleted 1n copper. The authors emphasized that high TDS in wet areas is 
often an overlooked indication of mineralization. This publication contains 
a useful list of references to relevant Canadian literature. 
Boron is included in this section because of its tendency to form 
anions. Oborin and Zalkind (1964/816/) published what may sti 11 be the 
definitive article on the supergene geochemistry of boron, with over one 
hundred (mostly Russian language) references. This is an element little 
used in hydrogeochemical exploration, although its concentration in, for 
example, thermal spring waters of oilfield waters may be useful in prospecting 
for borate deposits. However, boron is also concentrated (3 to 5 times 
background) in the waters of some metallic orebodies, e.g. those of the 
western Urals. Values of up to 748 ~g/1 were observed here, but the authors 
note that in some humid areas the background values for boron can be as 
much as 3 mg/1. 
Predictably, the elements of Groups IA and IIA received little attention. 
Kraynov et aZ. (1966/1026/) discussed methods of grounmvater hydrogeochemical 
prospecting for ores of beryllium. Anomalies of up to a few hundred micro-
grams per litre were observed. The element appears to be mobile in the 
form of simple and complex cations but its movement 1s severaly restricted 
by clays within the zone of weathering. But in deeper waters, especially 
carbonate waters, beryllium is very much more mobile and can be used to 
identify, for example, Be bearing pegmatites in felsic rocks. 
Skougstad and Horr (1963/954/) gave a comprehensive account of the 
distribution and geochemical behaviour of strontium in groundwaters. The 
element could be used to prospect for strontium minerals since it is relative-
ly mobile and easy to detect. There has, however, been very little interest 
in applying the technique, 
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Price and Ragland (1970/1116/) conducted a prospecting survey of groundwaters 
in North Carolina and found that major 1i tho logical units were clearly 
delineated by the chemistry of these waters. The Kings Mountain lithium 
producing belt was roughly outlined by a belt of lithium-rich groundwater. 
The [Zn]/[major cations] ratio could be used to distinguish between sulphides 
and deposits of barite. 
4.526 Some less commonly sought elements. _AsL.. V, Cd, Se, Te, Sb.a Sn, Ag, 
Au, H~ 
Ratynskii (1975/839/) presented a general but very useful summary 
of the hydrogeochemical characteristics of several elements that are not 
commonly used as pathfinders. He claimed that careful work wi 11 often 
show that some of these "obscure" elements are relatively concentrated ~n 
anomalous groundwaters near many different types of orebodies, even though 
their absolute abundances in these waters may be very low. The patterns 
of concentrations of these obscure elements, like the elements more commonly 
sought in groundwater, vary greatly from one area to another and the author 
uses several examples from the U.S.S.R. to demonstrate this fact. 
Germanium is more mobile than Si and is often concentrated in thermal 
waters (often up to 30 ~g/1; maximum 200 ~g/1). Boron and arsenic also 
appear to be much more mobile in hotter waters. The concentrations of 
boron and bromine vary widely in normal groundwaters. Tungsten can form 
dispersion haloes in alkaline waters near deposits containing the metal 
(up to 200 ~g/1). Beryllium is mobile in carbonate waters (up to 400 ~g/1). 
Niobium may be found in fissure waters in syenites. Its concentration rises 
as pH, [co3] and [Cl] rise and can reach 200 ~g/1. The following maximum 
amounts (~g/1) of rare earth elements have been observed in alkaline waters 
from the Lovozero Massif: Ce 380, La 260, Yb 3, Y 27. Lithium is most 
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connnon ly abundant in chloride-rich waters. Little ~s known about the 
concentration of Rb in groundwaters. There may be as much as 3 mg Cs/1' 
in mineral waters, but the metal is very scarce in more dilute subterranean 
waters. The abundance of strontium ~n natural waters var~es widely. Dilute 
. spring waters contain nanogram amounts of zirconium. 
It is concluded that under special circumstances some of these elements 
may be useful as pathfinders and that geochemists may be underestimating the 
mobility of many of them. Ratynskii notes that a large number, if not all, 
of these elements will tend to be stripped from most normal groundwaters by 
organic matter. 
Boyle and Jonasson (1973/1105/) sununarized those hydrogeochemical 
methods that involve the determination of arsenic. Only a few such surveys 
have been made, but it is clear that the element may be greatly enriched 
in groundwater near arseniferous ore deposits. Typical data are given in 
Table XII. The element is amphoteric and stable in either· acidic or alkaline 
water. The speciation and mobi 1i ty of As are summarized in Figure 3. Some 
Soviet writers found As to be quite mobile in water and the element was 
used as a pathfinder for Cu-Pb-Zn deposits, In the Cobalt area of Ontario 
[As] ~n both ground- and surface waters was an indicator of Ag-Ni-Co arsenide 
ores but could not pinpoint the location of the deposits with any accuracy. 
It was therefore to be regarded as a potentially useful regional reconnaissance 
tool. In addition, the determination of As in drill hole waters "may be 
useful in detailed drilling programs to ensure that faults, fractures, and 
shear zones carrying water and containing orebodies above and below the 
dri 11 intersections are not missed". 
Spring \-laters and their precipitates are useful guides to ores containing 
arsenic. However, false ·anomalies are conunon in areas of disseminated 
arseneous pyrite. Arsenic anomalies ~n thermal waters are frequently false 
but can sometimes be associated with arsenic ores that are in the process 
TABLE XII 
Arsenic content of natural waters in parts per billion 
Water type Number." Range X s Xg Sg(loge) 
of values 
Rainwater and snow 48 0.01-13.9. 1:44 2.17 O.Sl 1.11 
Normal stream, river, and lake waters 88 0.25-22,400 3.08 5.42 1.75 0.94 
Normal ground waters 45 O.Dl-800 17.9 13.9 8.0 1.80 
Ground waters and mine waters near 
polymetallic sulphide deposits 102 3-400,000 - -
Oilfield and other saline waters 11 10-243,000 
Hot springs 92 0.2-40,000 2,090 2,~50 1,500 1.23 
Condensed waters from volcanic gases 11 63-812 486 263 395 0.78 
Spring waters; mainly cold carbonated 
waters in volcanic terranes 17 120-37,500 22,200 34,800 5,000 2.29 
Spring waters depositing travertine 4 30-500 307 233 197 1.33 
Thermal waters associated with 
epithermal mineral deposits 4 50-200 117 74 99 0.69 
Ocean and sea 183 0.0056-11.24 2.57 1.98 1.77 1.11 
-----·-------------··-----
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of formation. Arsenic in groundwaters is also .a potential regional guide 
to geothermal fields. 
Dall 'Aglio et aZ. ( 19 77/988/) described the essential hydrogeochemical 
, I 
properties of vanadium, which is an interesting but little studied element. 
Under humid tropical conditions vanadium is not as mobile as uranium but 
under arid conditions the mobilities of the two elements are roughly eq,~al. 
Dissolved vanadium is particularly sensitive to organic matter. 
A publication by Smirnov (1963/802/) t-1as devoted to the behr.viour of 
cadmium in supergene waters. The hydrogeochemistry of this element is pqorly 
known. It is invariably 2ssociated with Zn ores and is potentially useful 
as a pathfinder becnuse its natural background abundance is vzry lm~ -
D,,c":nernlly 1-10 .pg/1. Elevated concentrations .of cadmium are encountered in 
0xygen-rich waters near several Zn-Pb orebodies in the U.S.S.R. In these 
w:.1ters the metal is more abundant than Ni, Co, Mo, Sn or Be. The destruction 
of s.phaleri te leads to the accumulation of large concentrations of cadmium 
w acidic mine waters (up to 40 mg/1). However, the metal is not quite 
· as mobile as zinc and as a result the Zn/Cd ratio increases in "the supergene 
.. solutions as compared 1f1i th sphalerite". High [Cd] is therefore associated 
with high [Zn] and low pH, especially below a value of 6,0. This d~pencience 
on pH is not related to th(~ hydrolysis of .cadmium, which is quite stable at 
pH 7 or 8, but is due to an indirect control. Smirnov shows that there is 
an interesting relationship between [Cd] and the sulphate/bicarbonate ratio, 
which is. pH dependent and 't--•hich the author regards as an "index of meta-
morphism" of the waters associated with ore bodies. This ·ratio, he claims, 
is "an exact indicator of the chemical evolution of supergene solutions in 
a vertical section of the oxidized zones of sulfide deposits", and it drops 
as the mine '"aters are diluted or neutralized. It follows that it may be 
the presence of sulphate and not the pH that is the dominant factor in the 
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migration of Cd (and Zn ). Nevertheless, the presence of sulphate is not 
enough to prevent the precipitation of considerable quanti ties of zinc and 
cadmium carbonates between pH 6 and 7. If this precipitation is severe 
then neither Cd nor Zn wi 11 be much mobile than lead. Traces of these 
metals that remain after precipitation as carbonate or co-precipitation 
with other carbonates may be removed from solution by adsorption onto wall 
rock materials. Despite these limiting factors, "cadmium must be regarded 
. as a very important indicator of sulfide mineralization". 
Faramazyan and Zar'yan (1964/808/) examined the abundances of S, Te 
and. Se in mine watr!rs in porphyritic granodiorites containing bodies of 
molybdenite-chalcopyrite orP.. The mean concentrations (mg/1) were S 2790, 
Se 0,64 and Te 0,01~5 and the relative proportions of the three elements 
were 60 000: 14: 1. There has been scant interest in hydrogeochemical pros-
pecting methods involving Te or Se. 
Antimony is e.nother element that 1s hardly ever sought in hydrogeochemical 
exploration surveys. Boyle ( 19 75/ 836/) examined the, solution chemistry, super-
gene behaviour and hydrogeochemistry of this element. He determined [Sb] in 
_several hundred water samples from the vicinity of Pb-Zn-Ag ore lodes in the 
Keno Hi 11 area. These waters have a temperature of two to five degress Celsius 
and a pH of between 4, 4 and 7, 8. The Eh is high near the surface but drops 
rapidly with depth. Ninerals containing antimony are readily attacked in 
the oxidized zone but the element is not dispersed and is largely repre-
cipi tated by a variety of secondary processes, of which hydrolysis seems to 
be the most important. This accounts for the low absolute and relative 
abundances of antimony in these waters (Table 9). "The low content of 
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TABLE 9. Dissolved consti t.uents in underground 
waters, Keno Hill-Galena Hill area 
Constituent 
. ( 2+) Calc1um Ca ...... . 
. ( 2+) Magnes 1 urn Mg ... . 
Sodium (Na+) ....... . 
+ Potassium (K) ..... . 
Iron (Fe) (total) .. . 
Aluminium (Al3+) 
(Mn 2+) Manganese 
2+ Copper (Cu ) ...... . 
Zinc (Zn 2+) ........ . 
Lead (Pb 2+) ........ . 
Content 
(range 
in ppm) 
so - 200 
10 - 120 
1 - 3 
0,4 - 0,6 
1 - 5 
1 - 15 
5 - 25 
0,001 - 0,65 
0,001- 80,0 
0,001 - 1,00 
Constituent 
Content 
(range 
1n ppm) 
2+ Cadmium (Cd ) ....... 0,001- 0,5 
Arsenic 0,002 
Antimony ............. <0,001 
Silver (Ag+) ......... ~,001 
Bicarbonate (Hco;) ... 
2-Sulphate (SO 4 ) ..... . 
Chloride (Cl) ...... . 
Fluoride (F-) ....... . 
Nitrate (No;) 
Silica ( Si02 ) 
5 - 100 
200 - 1200 
0,1- 1,0 
0,3 - o,s 
0,1-0,6 
5 - 10 
antimony in the ground and surface waters makes the element generally unsuitable 
as an indicator in hydrogeochemical prospecting methods II 
The reviewer knows of no serious recent proposal to use groundwater 
hydrogeochemical methods to locate tin deposits. The very little work that 
has been done on Sn in surface waters would suggest that the prospects for 
tracing the metal in subterranean solutions are very poor. Heide and Reichardt 
(1975/837/) summarized the hydrogeochemical properties of tin. The tin 
content of natural waters is extremely low - generally less than 1 ~g/1 and 
it is usual to find that more than half of this is in suspension. 
Boyle is one of the few hydrogeochemists who has recently examined the 
possibility of using the silver content of groundwaters as a pathfinder 
I 818, 826, 1021/. Since the concentration of this me tal in natural waters 
is very low (commonly below 1 ~g/1) the chief problem for a long time was 
simply analytical. For this reason most of the early workers who applied 
hydrogeochemical methods (springs and streams) of prospecting for silver 
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deposits tended to opt for Zn· and Co as practically effective pathfinders. 
Boyle determined silver and other components in the waters of springs and 
drill holes near dispersed silver veins in altered sediments in the Cobalt 
area of Ontario. Both the waters and the precipitates from these springs 
are enriched in silver and a number of other metals. Some well waters 
were also anomalous. Cobalt and Ni were particularly abundant, the latter 
being the less mobile of the two. 
In about 19 71 a well water survey was undertaken in the vicinity of 
the Argent silver prospect, near Johannesburg /1143-4/. The samples were 
preserved with nitric acid (3ml per litre) and stored in polyethylene bottles. 
No contamination problems were encountered and this was ascribed to the 
%, '· 
fact that most of the well casings were thickly coated with calcium carbonate 
deposits. The depth of the boreholes could not as a rule be established 
and no other hydrological information was available. There was very little 
apparent biological activity in any of the holes. The water temperatures 
were almost constant and were roughly the same as the ambient air temperatures. 
The samples were analysed for chloride, total sulphur, iron, Cu, Zn, Hg, 
Ag, Co, Sb and In by atomic absorption and neutron activation methods. Some 
of the results have been released and are compiled in Table A, It was sus-
pected that Sb was being leached from the containers. In general, the samples 
TABLE A 
Neutron activation analyses (~g/ 1) of groundwater samples from the Argent 
prospect 
range mean 
Zn 11 - 159 80 
Co 1 - 7 3 
Sb 1 - 10 1 
Cu 4 - 174 not stated 
In trace 
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were found to be rather iron-rich. The concentration of zinc showed marked 
seasonal variations, especially in those boreholes with high [Zn]. The data 
were assessed by simple contouring methods and the results of the survey were 
not encouraging. 
Additional studies that were carried out in the Transvaal at the same 
time, but which were not made public, suggested that Se might serve as a 
hydrogeochemical pathfinder for platinum deposits such as the Merensky reef 
in the Bushveld igneous complex. 
Borovitskiy et aZ. (1966/1024/) were very encouraged by the results of 
groundwater hydrogeochemical surveys for gold deposits in the Aldan region 
the U.S.S.R. They found that the gold haloes were small but well-defined. 
Silver, Ti, Sn, As, Sb, and Te were supporting pathfinders. The authors 
believed that the hydrogeochemical technique "has shown its advantage over 
other known methods of gold determination and indirect indications of gold 
ore deposits 11 • 
These findings are J.n direct contrast to those of Gosling et aZ. (1971/1027/) 
who stated that the concentration of dissolved gold had a small range, was 
not related to the type of water or the lithology of the country rocks, and 
that direct hydrogeochemical exploration for the metal does not appear to 
be promising. This apparent discrepancy may be explained in terms of the 
findings of Ong and Swanson (1969/1046/). Equilibrium calculations show that 
the concentration of dissolved gold in dilute natural waters ought to be 
about 2-20 ng/1, and at pH 4 most of this would be AuCl 0 , However, in certain 
L. 
acidic chloride waters [Au] can reach several mg/1. The reduction of this 
gold compound, by organic acids for instance, will result in the formation 
of a stable colloidal suspension of metallic gold. The size of the particles 
in this gold sol will normally be less than 10 nm and each mote will be 
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stabilized by a sheath of organ~c molecules. It has been shown that this 
organometallic sol is stable for at least eight months - long enough to 
make hydrogeochemical prospecting for gold an attractive possibility. 
Boyle et aZ. 0975/1133/) also undertook a detailed examination of 
the solubility of gold. They concluded that gold is indeed transported in 
the form of humic complexes and that it can also be transported in ferric 
sulphate solutions derived from the oxidation of sulphides. This paper 
contains a long list of references to previous studies of the solubility 
of gold ~n various natural solutions. 
In recent years there has been a revolution 1n techniques for the 
determination of minute amounts of mercury /829/ and this has undoubtedly 
made this element more attractive as a practical indicator ~n hydrogeochemical 
exploration. However, the problems involved in using this unique metal as a 
pathfinder are more than just analytical, as many workers in all branches of 
exploration geochemistry have found. Zautashvili 0966/1023/) investigated 
the dispersion of mercury in waters in ai1desi tes and shales containing mercury 
deposits. Although conditions were apparently favourable for dispersion, 
[Hg] did not exceed 3 f.lg/1 and the "aqueous aureoles" were never wider than 
fifty metres. 
Some of the pitfalls involved have been outlined by Jonassen and Boyle 
(19 72/956/), who presented a fine review of the hydrogecchemis try of mercury 
and the use of the metal in prospecting. Mercury is associated with many ore 
deposits and is potentially very mobile. Thcref(n-e it can often be used as 
a powerful pathfinder. However, the liberation of the element and its 
migration as Hg(I) or Hg(II) is heavily dependent upon the prevailing Eh-pH 
regime and the anionic species available. Mercury tends to be mobilized by 
natural oxidants such as Fe (III) and readily forms organometallic compounds. 
Groundwater typically contains from 0,01 to 0,1 pg Hg/1 but for mineral waters 
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the range 1.s wider- from less than 0,01 to 2,5 ].lg/1. Some mine waters 
have been found to contain as much as 230 ].lg Hg/1. The element is stripped 
from solution by both organic and inorganic absorption reactions and is 
rapidly immobilized under strongly reducing conditions, especially by H2s. 
Elemental merc~ry is soluble to the extent of about 60 ].lg/1 in water 
and is known from mine waters and some springs. Disproportionation occurs 
readily, according to the reaction 
2Hg(I) t Hg(O) + Hg(II) 
and the speciation of mercury is therefore unusually sensitive to small 
changes in ambient conditions. For the same reason it is difficult to store 
aqueous Hg samples. 
Mercury usually leaves ore deposits as "carbonate or sulphide-anionic 
complexes" and perhaps as sulphate complexes. It has been demonstrated that 
high concentrations of bicarbonate ion promote the dissolution and mobilization 
of sulphidic Hg. Traces of halides also increase mobility. All of these 
phenomena are most active at pH values below 4 and tend to be reversed at 
pH 4 to 7. For this reasori one generally finds that groundwater aureoles of 
mercury "do not persist ~t great distance from the source" of the metal. 
4.527 The common base metals. Sulphide bodies, polYmetallic ores, 
copE!:,,r-molybdenum porE.,hyry bodie~. 
In the Soviet Union extensive use is made of groundwater analysis in 
the search for what are generally termed polymetallic ores. This terms 
embraces a wide variety of complex mineral assemblages, which usually contain 
some sulphides and/or base metals. 
Alekhin and Zhdanov (1968/1030/) described a spring sampling survey for 
polymetallic deposits of brucite, smithsonite and barite. The measurement 
of pH, so4 and so4/Cl was not found to be helpful, but the direct determination 
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of heavy metals was a good guide. The empirical index 
(Fe + Pb + Ag + Zn + Mn + Ba)/TDS was used to define anomalies. 
Udodov et aZ. (1968/1031/) described hydrogeochemical methods based on 
the coprecipitation of metals in groundwaters with Na 2s and Al(OH) 3 . They 
mention successful uses of groundwater hydrogeochemical methods in the 
U.S.S.R., leading to the discovery of polymetallic, Cu, U and "other" deposits. 
Popova ( 1965/1094/) recorded the use of groundwater hydrogeochemistry 
~n prospecting for polymetallic ores in carbonate rocks. Carbonates are 
regarded by prospectors as unfavourable host rocks since they readily 
neutralize reactive compounds released by the ore. Nevertheless the method 
worked quite well. The waters studied were of the Ca-Na- bicarbonate type, 
were well aerated, freely circulating, and had a low TDS content. The pH 
was uniform and somewhat alkaline and of no significance in exploration. The 
.. main pathfinder was copper and the "exploration index" was a 5-10 fold in-
·crease ~n [Cu] in subsurface waters. Sporadic Pb and As anomalies were also 
noted and an increase ~n the concentration of sulphate was a favourable sign. 
The authors felt that Cr, Ni, V, Be and Zr might serve as additional path-
finders. 
Skryabin and An 0969 I 1035/) recorded additional results of groundwater 
surveys for polymetallic ores in the Lashkerek region. 1he waters here are 
of the dilute bicarbonate type. Sulphate ion.produced narrow anomalies-
seldom more than dozens of metres in width - but sulphate/chloride anomalies 
were much broader. The ratio sometimes rose to between 4 and 8 in the ore 
zone but was normally only between 2 and 2,5. Elevated concentrations of 
Zn, Pb, Cu, As, Ag, Mo, Cd and Ni also occurred here, but these metallic 
anomalies were apt to decay rapidly. Zinc and molybdenum were more mobile 
than the other listed elements. Zul'fugarly et aZ. (1970/1036/), on the 
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other hand, had no success at all with metallic pathfinders. They found 
that there was no regular relationship between the contents of Mn, Fe and 
Cu and either stratigraphic depth or degree of mineralization in certain 
Soviet ore zones. Nickel, copper and vanadium could not be detected in 
these waters. 
Kovalev (1964/1096/) showed that sulphide deposits 1n the Turgai syncline 
had fairly typical secondary aqueous dispersion haloes. The pH was lowered 
by the oxidation of sulphides of Fe, Cu and Zn and the waters were thereby 
enriched in calcium, bicarbonate and sulphate after reacting with the country 
rock. Beyond the dispersion halo the anomaly is erased by dilution or because 
the pathfinder elements are removed by additional chemical reactions. The 
dispersion halo 1s characterized by particular concentrations of major com-
. 3+ 2+ ponents as well as by some of the spec1es Fe , Fe , Al, Ti, Mn, Si, Sr, As, 
Cu, Zn, Mo, Pb, Sn, Ag, In, Te, Ge, Bi, Ni, Be and others. In general [Cu] 
and [Zn] and "higher than background amounts of spectrally determinable 
elements (satellites)" are used as the critical hydrogeochemical prospecting 
criteria. 
Kraynov et al. (1966/1022/) sampled springs in the vicinity of sulphide 
orebodies near the Elbrus volcanic centre, with a view to establishing which 
elements in these waters were related to the ore and which were derived from 
the country rocks. It was found that Zn, Cu and Hg were supplied by the 
leaching of the ore, whereas the concentrations of Li, Rb and Cs were con trolled 
only by "conduit lithology". The abundances of As, Ge and TDS could be related 
to both the occurrence of ore and "propinquity to the Elbrus volcanic centre". 
The concentration of zinc was inversely proportional to [Hco;]. 
Blokhin (1969/1032/) prospected for sulphidic ores by determining sulphate 
1on and heavy metals in samples from wells and springs in western Baikal. 
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Sulphate concentrations of up to 140 mg/1 were noted 1n well waters but 
in spring waters this value never exceeded 70 rng/1. Threshold values for 
Pb, Sn, Mo and V were of the order of 5 ~g/1 or more; for Co the value was 
0 1 5 ~g/1 and for Zn 100 ~g/1. 
Levashov (1969/1033/) described a very strong anomaly occurring 1n a 
highly oxidized sulphide ore zone within which samples had been collected 
at depths of 15 to 28m, The following meat~ values were observed (JJg/1): 
Pb 800, Cu 8, Zn 55, Ba 150. Each of the element~ As, Sb, Ag, Ni, Co and Cd 
were also present in above-average amounts. In some samples spectacular 
concentrations of Pb, Zn and As were encountered. The author records that 
high [so4], [Cl] and [HC03] were also indicative of sulphide mineralization. 
Chernyaev et al. (1969/1034/) analyzed groundwaters that were collected 
near sulphide deposits in the Urals and elsewhere. High concentrations of 
Fe, Cu, Zn, Mo and As were fotmd but Pb, Ag and Hg were absent. The best 
pathfinders were Zn, Cu and sulphate. Low pH and low [HC03] were "secondary 
indicators". 
Groundwater hydrochemistry has been used to locate several types of 
deposits in the Ukraine (Gavrilenko and Shtogrin, 1968/1039/). These include 
petroleum, salt deposits, iron ores and base metal bodies. The last of 
these is generally associated \vith Na-HC0 3-Cl water, within which elevated 
concentrations of Pb, Zn, Hg or As are regarded as favourable signs. 
In the West, during the past fifteen years, hydrogeochemical exploration 
for base metals appears to have taken second place to the search for uranium, 
Boyle (1963/822/) stated that the analysis of spring waters from a barite 
quarry in Nova Scotia revealed Zn-Cu anomalies, and that subsequent drilling 
intersected a sulphide body beneath the barite. He stressed the necessity 
of obtaining as such sample coverage as possible 1n surveys of this type 
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and emphasized the importance of examining the precipitates deposited by 
springs. Elsewhere /823/ Boyle supplemented his earlier observations about 
base me tal hydrogeochemical anomalies in the Keno Hi 11-Galena Hi 11 area. 
Lodes sealed by permafrost do not contribute metals to springwaters, but 
often these waters will pass through float associated with the deposit and 
wi 11 thus provide a clue to the pl;"esence of the orebody. All recent findings 
had confirmed that zinc was the best indicator element in this area. 
Between 1967 and 1969 DeGeoffroy and co-workers produced an important 
series of publications /45, 48, 970/ documenting a regional reconnaissance 
springwater survey 1n Wisconsin. The aim was to locate zinc mineralization 
in carbonate rocks in the Upper Mississippi Valley zinc-lead district and 
was an extension of earlier work carried out here between 1945 and the early 
1950's /520/. This previous work had been verj successful and had led to the 
discovery of a rich orebody in 1955. However, the method had not been 
followed up immediately thereafter because of the depression of the price 
.of zinc during the following decade. 
DeGeoffroy's survey covered some 400 square miles and involved 3766 
springs. In the study area the amount of groundwater recharge amounts to 
about twenty percent of the annual precipitation. Many shale beds are 
present within the carbonate and these give rise to a great number of springs 
because they force the groundwater to move laterally within the carbonate 
horizons. The primary 1i thological dispersion haloes of the zinc bodies 
are very well developed, and groundwater anomalies can be generated either 
by the orebody per se or by the percolation of water through the primary 
aureole. The metals that are potentially available for dispersion are Cu, 
Pb, Zn and Ni. Because the groundwaters of the area are rich in bicarbonate 
1on and are well-buffered, the pH range is generally restricted to between 
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6,6 and 8,1. The carbonate forms of cations such as Fe, Cu, Zn and Pb 
are favoured at these pH values. It is to be noted that zinc carbonate 
is moderately soluble but that lead carbonate is rather insoluble by 
comparison. Any factor, such as loss of co 2 , that shifts the pH equilibrium 
towards the alkaline side wi 11 cause precipitation of a portion of most of 
the metals present as the carbonate. It is for this reason that surface 
\..rater hydrogeochemical prospecting has not been very successful in this 
area. 
Springs \vere located by applying geological principles, by examination 
of maps and by following shale bands known for their springs and seeps. 
Ephemeral sprrngs were avoided. Samples were collected in polyethylene 
bottles, which were filled to overflowing, and were analysed within a few 
hours. The pH was measured and [Fe] and [Zn] \vere determined. The con-
centration of zinc ranged from 0,05 to 2,5 mg/1 and did not vary greatly 
with the changing seasons. The 75 percen.tile was 0,27 mg/1 and anything 
above this value \vas considered to be highly anomalous. 111e data were inter-
preted by calculating tr·end surfaces and residuals. It was found that a 
value of 0,30 mg/1 encompassed all knO\vn zinc mining areas and that· "ridges" 
of other high [ Zn] values appeared. These seemed to run paralle 1 to the 
regional fold axes. Contouring of the residuals produced 56 anomalous areas 
of which 26 were related to known dcpuziiL;, 
By correlating the zinc values \vith v;1rious lithological units rn 
different subareas it could be shmvn that cert.1in formations and districts 
had far more potential than others. Hm·Jever, in selecting these favourable 
zones one had to be "_ery careful of biases caused by the clustering of sample 
points. Several of the anomalous zones were drilled and ore-grade mineral-
ization was intersected in a fe~-1. places. It was stressed that very deep, 
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unoxidized lodes were likely to be missed by such a method of exploration. 
For example, spring sampling reconnaissance would probably not work well 
in some nearby areas where the potentially mineralized stratigraphic formations 
are known to be well below the water table. Furthermore, this type of recon-
naissance is unsuitable in carbonate terrains within which karstitic conditions 
are widely developed. 
In Section 4.523 mention was made of the work of Hoag and Webber /1101/, 
who tr{ed to pinpoint the source of anomalous waters by calculating the rate 
at which sodium was added to these waters during migration. They applied 
their theories Ln an attempt to trace the origin of zinc and copper in ground-
waters near the Eustis Mine. The background value for each of these metals 
was about 8 to 10 ~g/1. Great care had to be taken in assessing the origin 
of the sodium present Ln the water, since the ~ntire process of calculation 
Ls critically dependent upon this parameter. It could not be assumed, for 
+ 
example, that Na from albite LS balanced by Cl because additional chloride 
can be derived from plants deficient in sodium. Some additional sodium is 
contributed by precipitation. The estimated positions of recharge areas, as 
calculated from data collected at various sampling points, are shown in Figures 
1 and 2. In these diagrams the term "Surface waters" refers to seeps, springs 
and other waters. Anomaly A (zinc) was attributed to contamination from mine 
shafts Ln the recharge area. Anomaly B (Zn and Cu) was apparently related 
to the leaching of contaminated soils. Anomaly C was related to disseminated 
mineralization. 
Some drill hole waters were contaminated with zinc and/or copper but 
others appeared to indicate additional anomalies. In these cases the sulphate 
content was also anomalous. The authors estimated that some 50% of the drill 
hole waters anomalous in copper or zinc were contaminated, 40% were related to 
known mineralization and 10% were related to unknown causes. The corresponding 
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values for spring waters were 30%, 20%, and SO% respectively. 
Mehrtens et al. (1973/865/) provided an interesting examination of 
a displaced groundwater anomaly in Wales, where a low grade copper deposit 
had been discovered in igneous rocks. The groundwater and bog anomalies 
associated with this mineralization were situated on both sides of the 
surface watershed and were strongly influenced by a large, concealed, gravel-
-filled stream channel that was not suspected before drilling commenced. The 
situation that was encountered is shown in Figure A (reviewer's diagram). 
The authors noted another example of displacement, in British Columbia. 
Molybdenum dispersed in groundwaters formed anomalies in stream sediments 
800 m from the ore, but no anomaly could be detected in the immediate vicinity 
of the deposit. 
Horsnail and Elliot (1971/855/) reviewed many of the aspects of the 
secondary migration of Mo and Cu in both wet and relatively dry peaty areas 
in Canada. Both elements form important organometallic compounds under 
these conditions. The mobility of these and other elements becomes extremely 
complex when pH, Eh and the concentration and nature of the organic matter 
varies. All else being equal, Cu tends to be more mobile than Mo at low pH 
values, while the reverse 1s true under alkaline conditions. 
Coope (1973/1106/) recently summarized the state of the art of hydro-
geochemical exploration for porphyry copper deposits. At pH values below 
5, 5 copper is "very soluble in natural water", but Mo is soluble over a 
broader range since it forms alkaline inorganic complexes. Molybdenum 
anomalies have been noted up to eight miles from the source, whereas the 
dispersion of Cu is generally more ·limited.* "The distribution of molybdenum 
* There are some exceptions - for example, 1n the Boise Basin of Idaho (Rostad, 
1967/1107/). Here copper "is more extensively dispersed, probably because of 
complex fixing of molybdenum by iron and ferrimolybdate". In some cases this 
enhanced release of Cu may be due to bacterial leaching of the porphyry ores. 
The relative proportions of dissolved Cu and Mo do not seem to be dependent 
upon Eh. 
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in groundwaters in the Pima District clearly indicates the potential of 
groundwater sampling as a regional reconnaissance tool for porphyry copper 
mineralization inareas of transported overburden and poor outcrop. Very 
little copper is detectable in the groundwaters at San Manuel Measure-
ments elsewhere indicate that in the alkaline environments of the south-
western United States copper occurs in insignificant amounts in alkaline 
groundwaters in the proximity of mineralization". 
Trost and Trautwein (1975/1080/) described the results of groundwater 
hydrogeochemical exploration for porphyry copper deposits in Arizona. They 
found that samples could be collected after ten minutes of pumping. Con-
ductivity, Eh, pH, [Mo] and the concentrations of certain other microcomponents 
were found to be useful parameters. The amount of dissolved molybdenum was 
not controlled by Eh-pH conditions but was related to TDS. The Eh and pH 
values did not change near prospecting targets, but [Mo] rose steeply. Thus '· 
the He/conductivity ratio was a valuable aid to interpretation. 
The waters 1n the study area were neutral to alkaline. As much hydro-
logical data as possible was collected and samples from perched water tables 
were discarded. Good hydrological control was achieved and groundwater flow 
rates were found to be from 10 to 40 ft/year. The concentration of molybdenum 
ranged from less than two to about 50 ~g/1. 
Huff and Marranzino /lOSl, 1090/ conducted similar studies around porphyry 
deposits at Pima Mission and showed that Mo was indeed a much better pathfinder 
than Cu under most conditions. The anomalies were displaced downslope and 
covered a broad area. 
Nepeina and Sotnikov (1971/1037/) studied the chemistry of groundwaters 
around six Soviet molybdenum deposits. The waters were characterized by high 
concentrations of sulphate, calcium and magnesium. The concentration of mercury 
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ranged from 2 to 6 pg/1, but was higher in associated surface waters. The 
concentrations of Mo and Hg were related. The mercury became immobilized 
in the presence of H2s. 
4. 528 U.E,anium ~11d associated element~. 
Current interest in hydrogeochemical prospecting for uranium rema1ns 
high. This review will be concerned mainly with developments in the West, 
rut will begin -.;.,rith a brief examination of a few publications by Russian 
authors. 
Lopatkina (1964/806/) summarized most of the basic principles of this 
technique at the stage of development that had been reached by the early 
sixties. He noted that it was very difficult to predict the amount of 
uranium in rocks from the concentration of uranium 1n associated formational 
waters because of the critical dependence of aqueous [U] on the mode of 
occurrence of the metal in minerals, and on climate and regional geochemistry. 
Lopatkina comments upon certain important changes that occur in the ground-
waters of the U.S.S.R. as one traverses north to south from a cold humid 
to a hot humid terrain, The TDS content rises but remains be low 500 mg/ 1. 
The concentrations of bicarbonate, chloride, sulphate, calcium and magnesium 
increase in close proportion to the TDS (Figure I). Note that bicarbonate 
remains the principle anion in all waters. This progressive accumulation 
of salts influences the hydrogeochemistry of uran1um. "The content of 
uranium circulating 1n igneous rocks in the humid zone is determined, mainly, 
by two parameters: the concentration of uranium in the rocks and the amount 
of dissolved rock, which in general is indicated by the total salinity of 
the waters". Some hydrogeochemists would argue that this view is simplistic 
but according to Lopatkina' s data it is none the less valid. "The effect 
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of each of these factors is clearly observed when one of them remains 
constant". Figure 2 shows the relationship between [U] k and [U] 
roc water 
for a group of waters with a TDS content of 50 mg/1. Figures 3 and 4 show 
the relationships between [U] t and TDS for two groups of rocks with 
wa er 
[U] k equal to 2 ~g/g and 6 ~g/g respectively. A close correlation is 
roc 
demonstrated in each case. It follows that [U] k ought to be closely 
roc 
related to [U] /TDS, i.e. [U] in the "dry residues", and this is in fact 
water 
found to be the case (Figure 6). Note that the two cruves are not coincident 
and that the modal value for [U] in the dry residues is about twice that of 
the concentration of the metal in the associated rocks. This, according to 
Lopatkina, ''is the most probable enrichment factor for uranium in waters 
circulating through igneous rocks in humid zones". The general equations 
relating the concentrations of the various abovementioned parameters are 
[U] rock = 500 [U] /[TDS] water 
( [U] rock in ~g/g, [U] · in ~g/1, [TDS] in mg/1), water 
or, [U] = 357 [U] /[HC0-3] rock water 
if one assumes a constant relationship between [TDS] and the amount of 
bl.carbonate ion. 
Several examples are given by the author to show that the wholerock 
concentration of uranium can be fairly accurately predicted for various 
bodies of rock* by this method (Figure 7). It is suggested that the above-
mentioned mathematical relationships could be used to calculate the regional 
background for a given unit of rock and its associated formational waters 
if [TDS], [HC0-3 ] and [U] k are known. Note that this calculated value roc 
* These are naturally fairly large bodies. The method wi 11 obviously break 
down if relatively small volumes of rock are considered. 
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(granites): 99 rock samples, 50 water samples: d-East-
ern Siberia (granites): 53 rock samples, 138 water sam-
ples; e-Eastern Siberia (sedimentary rocks): 339 rock 
samples, 25 water samples 
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would be independent of any empirical knowledge of the abundance and 
distribution of uranium in the waters. Alternatively [U] and [TDS] 
water 
can be used to calculate [U]rock' which value can then be compared to the 
known or postulated abundance of the metal in the rocks of the area of 
interest. In this manner the vagarious effects of climate and changing 
lithology are minimized. 
In the examples given the author has used data from igneous rocks only 
but he stresses that these concepts "can be extended to the waters ~n 
continental sedimentary rocks formed as a result of the mechanical dis-
integration of igneous rocks". However, the patterns described above are 
disturbed in the vicinity of "salt beds". If the concentrations of sulphate 
and chloride are raised by briny materials then the [U] /[TDS] ratio 
water 
fails as a reliable index - "it is practically i-mpossible to establish a 
relationship between it and the uranium content of the rocks II The 
same effect is observed in arid areas where evaporation increases "the absolute 
+ = 2+ 
and relative concentrations of the stable ions, Na , Cl , so4 , Mg and 
• ( d d ) . f . 2+ uran~um an ecreases the concentrat~ons o the unstable ~ons, Ca and 
co; (sic, co; or HCO;)". Lopatkina adds rather pessimistically that "it 
is practically impossible to establish a quantitative relation between the 
uranium content in the waters and in rocks in the regions with arid climate". 
A rather brief but interesting observation on the mobility of uranium 
in groundwaters was made by Serikov (1964/813/). He noted that the release 
of the metal into groundwaters in shales was very dependent on the grain 
size of the shale material and that "a slight increase ~n the content of 
sand "led to an increased rate of leaching of uranium. It follows that 
false uranium anomalies may be generated purely by subtle changes in the 
clastic composition of the host rocks. 
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Vovk ( 19 75/ 1088/) put forward the radical proposal that the "intensity 
of geochemical migration" in groundwaters "depends on radioactivity of rocks 
and waters", i.e. is promoted by radio lysis in these waters. The principle 
mechanism of mobilization, he claims, is redox reaction between the products 
of water radiolysis and rocks. This effect can apparently be substantiated 
by regional field studies and laboratory experiments. Vovk concedes the 
importance of better known controlling effect such as time, "constants of 
reaction" and concentration of elements in the host rocks contacting the 
water. 
Dankovtsev (1965/832/) summarized the program for groundwater hydro-
geochemical prospecting for uranium in Siberia, where this technique is the 
most important form of geochemical surveying. The area is humid and, depend-
ing on pH and pco2, uranium may be mobilized as either the carbonate ion 
or as uranyl hydroxide. The latter complex is more readily precipitated 
from natural waters. Sulphate is not an important mobilizing ion in this 
region. 
Kapkov (1969/833/) demonstrated the danger of assu~ing that the mobility 
of uranium will necessarily be the same in both the groundwater and surface 
water of a given district. Anomalous spring waters emerging from granites 
m mountain-taiga areas and containing 3 to 5 11g U/1 rapidly lost a substantial 
proportion of the metal, which became incorporated into stream sediments. 
Novikov and Kapkov (1965/882/) showed that the dispersion of uranium 
in groundwater was dependent on topographic slope. In mountainous terrain 
anomalies could be detected up to 400 m from the orebodies but in the "foot 
hills regions" this distance shrank to between 50 and 70 metres. Germanov 
(1963/886/) presented a short but excellent review of other Russian studies 
of the geochemistry of uranium in natural waters. 
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Szalay and Samsoni (1969/921-2/) described a large-scale investigation, 
involving 4000 samples, of the causes of variations in the background con-
centration of uranium in the groundwaters of northeastern Hungary. No uranium 
deposits are known here, yet [U] varied from 0,01 to 100 ~g/1. The average 
uranium cont:ent ':'of large surface areas" here is only 4-5 ~g/g. The authors 
found that [U] tended to be statistically higher in waters associated with 
rocks of finer grain s~ze but that this factor alone could not account for 
the irregular distribution of the metal. They considered that these irre-
gularities must be due to "processes which control the leaching of uranium 
from rocks" and set up laboratory experiments to investigate these processes. 
Samples of gabbros, granites, andesites and rhyolites were exposed to simulated 
1 d f 6 + . b . 1 4+ . natura waters. As expecte , they ound that U ~s rna~ e whereas U 1s 
not and that bicarbonate ion is a very effective complexing agent for uranium. 
The leaching of the metal was initially rapid but equilibrium was soon established 
between the water and the crushed rock samples. The equilibrium concentration 
in the water depended on rock type and was highest for granite. However, 
this value seldom exceeded one percent of the total mass of uranium in the 
rock. Crushing the samples to smaller fragments increased the equilibrium 
value of [U] only slightly. When the equilibrated water was replaced by. 
uranium-free water, more of the metal dissolved and a new equilibrium became 
established after a few hours. When an excess of dissolved uranium was 
added to the system it was rapidly absorbed onto the rock powder. These 
phenomena are best explained by postulating a dynamic equilibrium: 
rock 
dissolution 
~· 
adsorption 
water 
TI1e results may explain why the concentration of uranium ~n groundwaters 
varies from one li thologic'al unit to another. The absolute mass of uranium 
in the rock may not be as important as the equilibrium constant 
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for each rock type. The results may also explain why a decrease in grain 
size does not always result in an increase in [U] , since the greater 
water 
surface area may also result in greatly increas.ed absorption of the uranyl 
ion. An interesting corollary of these observations is that uranium anomalies 
in groundwater passing through a uraniferous ore ought, as a result of 
adsorption, to "decay" to background values within a few hours once the water 
is clear of the source of the me tal. It would follow tha.t true uranium 
anomalies may be very localized features - a proposition certain to raise 
the eyebrm-1 of many an exploration man. 
The authors suggest that the principles of water/rock equilibrium that 
they described for uranium may apply equally well to other metals also. 
The recent Western literature of groundwater hydrogeochemical exploration 
for uranium includes a number of excellent general summaries as well as case 
histories from various parts of the world. 
wenrich-Verbeek et aZ. (1976/1079/) discussed some recent developments 
in hydrogeochemical techniques for uranium exploration. It has been noted 
that some springs yield mixtures of young and old waters and that this can 
complicate interpretation. Groundwater appears to be a better "geochemical 
evaluator of subsurface terrane" than surface water l.S 1 but is more costly 
to sample. There 1s still a very strong interest in the use of radioactivity 
in spring waters as a guide to ore. The authors give examples of the use 
of factor analysis in U-Ra prospecting by means of spring sampling. In one 
study the "unmeasured geochemical variables" such as "the degree of uranium 
mineralization" controlled "almost half the variance of occurrence of uranium 
and radium" in the spring water samples. A second study of spring and well 
waters showed that the concentrations of HC03 , Ra, U and TDS tended to 
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increase sympathetically. The authors noted that some association exists 
betvTeen [U] and [No;] in certain areas and suggest that this may be due 
to the presence of urcmi um in fertilizers. They note the increasing use 
of the fission track method for uranium analysis. 
Gabelman (1970/1052/) stated that uranium was leached predominantly 
from those orebodies undergoing oxidative destruction. Deep-seated, reduced 
rocks do not yield appreciable concentrations of uranium to groundwaters. 
He points out that false anomalies and suppressed anomalies are rather commonly 
encountered in groundwater hydrogeochemical exploration for uranium. Several 
waters in uraniferous sandstones from different parts of the U.S.A. do not 
have better-tlum-average uranium contents, while in many areas high concentrations 
of the metal occur in litho logical units that are not known to carry uranium 
ore. 
Saum and Link (1969/932/) provided a useful review of aspects of the 
geochemistry of uranium. This publication is notable in that it contains 
some claims that would probably be disputed by many hydrogeochemists. For 
example, the authors state that uranium may form soluble complexes with 
"hydroxides and sulphides". Their claim that uranani te will only precipitate 
when [U] reaches 500 pg/1 might also be challen~ed(cf. the work of Dall'Aglio 
et aZ. /904/). H~~ever, these are minor shortcomings in an otherwise 
meritorious review. 
Figure 5 is a good idealized portrayal of the relationships that exist 
between source areas, uranium deposits and the gravitational movement of 
groundwater. Note that in this model all the uranium may be retained at 
the roll front, so that waters sampled down-dip could be very poor in uranium. 
The authors stress that orebodies of this sort can be severely leached of 
radioactive species and will therefore be detectable only by geochemical 
Claollc Sodlmtnlo Dorl•td 'frotn 
~ Tho Upllftod Sourco Aroo 
Area 
FIGURf. 5-Idcalized eros;; section of solution front deposit. 
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means and not by radiometric methods. Conversely, the "hot" daughter 
elements may accumulate elsewhere to give a displaced radioactive anomaly. 
Saum and Link also make the important point that, in the U.S.A. at least, 
different types of uranium orebodies are characterized by different element 
assemblages and that these var~ous assemblages may be reflected in the 
composition of associated groundwaters. For example, the Palaeocene/Late 
Cretaceous lignitic ores of Montana and the Dakotas are accompanied by sub-
surface waters rich in U, As, Cu, P, V and Mo. 
Some of the concepts stated by Saum and Link were recast by Bowie et aZ. 
(1971/851/) in a slightly different form. They emphasized an additional point 
that may perhaps be overlooked by uranium prospectors, viz, that the uranium 
in transit in subsurface waters can be detected only by chemical and not by 
radiometric methods, since the latter technique is dependent upon the activity 
of associated decay products rather than upon uranium itself. The authors 
showed that in moorland areas (Dartmoor) hydrogeochemical methods (springs) 
were superior* to stream sediment methods afprospecting for uranium. They 
remained enthusiastic about the potential for using additional indicator 
elements for uran~um 1n certain cases. Zinc and Mo "have been shown to be 
particularly successful II ...... 
It is clear from the foregoing, and from other examples in the literature 
that the question of the use of additional pathfinders for uranium remains 
an inviting possibility. The topic has been relatively little studied, even 
~n recent years, simply because the determination of uranium itself usually 
works so well. It is certainly true that few present-day hydrogeochemists 
* Note the effect of regional influences. Ry way of contrast, Morse (1971/858/) 
concluded that "as a geochemical prospecting medium (for uranium), sediments 
are clearly more useful thiin water" in his study area in Ontario. 
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Dre prepared to make dogmatic pronouncements one way or the oti'er about 
the la;.:(~nt possi.bili ties of other indicator <~lements. The list of candidates 
is ce,-·t.'Jtnly quite long; Michelson (1966/820/) gives the follm~ing list of 
element!> ''that :1re geochemically assodated with uranium": ++ Ca, Fe , Zn, Y, 
Pb, Sb, Si, V, Co, As, Zr, Ba, P, Cr, Ni, Se, Mo, Re, Yb, S, Mn, Cu, Sr, 
Ag, Tl1 nnd Bi. 
According to Wyman ( 19 70/788/) uran1um 1n the Colorado Plateau ores :is 
accompanied principally by V, Cu, Fe, Mo, Se, Ag andRe and the movement 
of these elements is linked to the mobilization of uranium. Vanadium, 
se lcnium and u:ranium tend to be precipitated under the same reducing conrli tions 1 
whereas the iron present remnins dissolved and is removed. The mobilities 
of the other elements listed are either poorly known or rather complicat::;d, 
Davy (197lr/9112/) gave one of the best recent summaries of the geochc~mical 
relationships between uranium and the other radio-elements such as Th, Ra and 
Rn. iJe shm...-s -vJhy even the geophysicist cannot afford to entirely ignore the 
hydrogenchenri str~; l)f lh·"se elements. Solution chelllistry will determine the 
nature of the elemental ''ss0.mb lage of redeposited radioactive minerals and 
x~ill thus have a profound effc!ct on the charo.cter '.)f the ray spectrum of the 
deposit. Uranium is very 'nobile in solution but c<c:rt be immobilized by 
evaporation, redJction, adsorption, co-precipitation, heating or loss of 
carbon dioxide. 'lhoriurn. 1 s v,,~ry imJi'obile and "is lc ft behind when uranium 
1:0 removed by leaching". R-;.Jium is immobile under m~st conditions and "can 
only trnvel frec~ly in sulpll;::t.e-·free, neutral or acid solutions". Radon 1s 
mobile und can be detected i11 groundwaters near uranium deposits. Davy 
emphasizes the import:mce of the water table 1n geochemical pr'.)Specting for 
uraniulll. Almost e\recywhcre it lS r:oted thnt deep, oxygen·- starved uranium 
oreb odie s have weak aq ue 01J8 h 0 loes . 
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It is observed that ~n both the U.S.A. and Australia 5 ~g/1 is a typical 
background concentration for uranium ~n groundwaters. Background values of 
30 to 100 ~g/1 are known but are rare. In these and other situations it ~s 
possible that Rn/U ratios ~n water may help to distinguish between truly 
anomalous and non-significant uranium occurrences. 
During the 1960's it became generally apparent that the mobility and 
hydrogeochemistry of uranium was in some instances affected by biological 
processes. Several writers have shown that the concentration of uranium 
in natural waters is strongly influenced by the activities of the sulphide 
and iron oxidizing bacterium ThiobaciZZus ferrioxidans /38, 947-52/. The 
3+ 
effect is indirect ~n that the bacteria continuously produce Fe , which 
. . 4+ 6+ ox~d~zes U to U : 
The bacteria also regenerate the sulphuric acid. They operate in the pH 
+ 3-0xygen, co2 , NH4 and Po4 must be present. Borne strains 
of the organism are inhibited by the presence of anionic uranium compounds 
and by anions other than sulphate, but none of them appear to be influenced 
by most cations. Little is known of the importance of these phenomena outside 
of uranium mines. 
Dall'Aglio, who has been one of the most prolific authors within the 
discipline of hydrogeochemistry, has given us some comprehensive overviews 
of many of the principles and practices of groundwater sampling in uranium 
exploration. A good example is his discussion of the fundamentals of planning 
and interpretation in hydrogeochemical prospecting (1972-1973/1078 1 1084/) 
~n which he has turned a philosophical eye on some tenets that are taken for 
granted but are seldom so clearly stated. 
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Dall'Aglio offered two interesting diagrammatic representations of the 
relative mobilities of the elements. Figure 1 shows that the mobility of 
uranium is intermediate between the extremes represented by, for example, 
Cl and Ti. Figure 2 shows that the mobility of uranium is anomalous for 
an element with an intermediate ionic potential. This is due to the stability 
of the uranyl ~on, d . 1 6+ as oppose to the s~mp e U ion. Uranium is much more 
mobile than either copper or zinc, and ~n anomalous waters it shows peak-to-
-background ratios that are far higher than those exhibited by any other element. 
Dall 1 Aglio indicates that hydrogeochemical prospecting for uranium is most 
likely to be useful in the temperate zones and that the method suffers from 
certain intrinsic disadvantages at very low or high latitudes and in very 
arid regions. The method ought to be used for reconnaissance surveys rather 
than for detailed work s~nce water ~s too mobile for the latter purpose. 
It is suggested that careful multiple regression "between the concentration 
of uranium and that of other constituents dissolved ~n water" will eliminate 
"most of the (background) variability attributable to environmental factors". 
Generally speaking the frequency distribution is not a good method of detecting 
hydrogeochemical anomalies, because water samples consist of "mixtures" that 
have undergone natural processes of different kinds and intensities, depending 
on the local environment from which they were collected. These processes 
can change the concentration of the element being sought even in the absence 
of a mineral deposit containing it. Thus, for example, "the content of the 
mobile trace elements increases as the water proceeds along the hydrological 
cycle". Because of the stability and mobility of uranium in water the raw 
[U] data can readily be adjusted for this increase through the use of U/TDS 
ratios. Changes in the slope of the cumulative plot of U/TDS for many samples 
may reflect changes in the. lithology of the bedrock. For instance, TDS may 
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1ncrease somewhat faster than [U] in water traversing saline mar1ne beds 
while the opposite might be true for waters passing through some rhyolites. 
"All the processes to which a water sample has been subjected, including 
those due to the various lithological, environmental and hydrodynamic con-
ditions, leave an indication of their effect on the concentration that each 
elements achieves. Considering the major constituents as independent para-
meters and the uranium as the dependent parameter, random variations in the 
latter can be considerably reduced". Dall'Aglio gives examples of com-
puterized statistical data handling procedures (regression analysis) that 
greatly speed and clarify the interpretation of the raw uranium data. 
Anomalies can by this means be defined relative to the curve of regression, 
which is the locus of the calculated [U] "predicted" by the concentrations 
of the major components (Figure 5, page 200). The regression need not 
necessarily be made between [U] and the concentration of the major components 
only. In some areas a correlation between [U] and the contents of certain 
trace elements may reveal systematic, non-significant increases in the 
abundance of uranium that are related to lithological factors (Figure 6). 
Dall'Aglio draws attention to the significance of negative uranium 
hydrogeochemical anomalies, which may indicate areas in \vhich orebodies are 
presently forming. He claims that "the application of this concept has led 
to the discovery of new uranium orebodies" in the Latium region of Italy. 
In a separate publication (1974/904/) Dall'Aglio et al. examined the 
conditions under which uranium may be removed from groundwater to form 
secondary uranium minerals such as autunite and carnotite. It 1s observed 
that waters of varying TDS can all lose uranium by precipitation, fresh 
waters in wet, mountainous areas not excepted. In arid areas evaporation 
is the principle mechanism causing precipitation of carnotite. Some of the 
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problems that have been encountered in attempts to calculate equilibrium 
solubility data for uranium have s.temmed from a disregard for the importance 
of activity coefficients. Dall'Aglio takes care to distinguish clearly 
between the activity of uranium in solution and its concentration. These 
may differ by orders of magnitude in the presente of the carbonate-uranyl 
-24 
complex, for which the equilibrium dissociation constant is very low (K=lO ). 
Even with good theoretical thermodynamic data for the uranium minerals it 
is difficult to make accurate predictions about the behaviour of uranium in 
real natural systems. We know too little about the kinetics of these reactions 
and the catalytic/absorptive effects of clays and organic matter. For 
example, the observed concentrations of uran1um 1n certain Italian spring 
waters, which are definitely depositing autunite, are extremely low and "are 
in considerable disagreement with the results given by Hostetler and Garrels 
(/905/) and by Muto and co-workers (/906/), in the sense that the samples 
analysed show a much lower uranium content than might be expected on the 
sole basis of the solubility of carnotite and autunite". Moreover, the 
ratios of element concentrations (e.g. U/V) in waters do not always corres-
pond to the proportions of these minerals in the supposed source mineral 
(e.g. carnotite). "The theoretical equilibria with the secondary minerals 
are not the only processes conditioning the U and V contents in waters. The 
equilibria of each of the two elements with clay minerals, organic matter, 
etc. are more important in conditioning the U and V content in solution". 
The importance of the activity coefficient in quantitative uran1um 
hydrogeochemistry was demonstrated in a study undertaken by the authors on 
the Sila Plateau in Italy. They noted the distribution of uranium in spring 
waters and other waters and found that there was generally a clear relation-
ship between high [U] on the one hand and high [HC03] and low TDS values on 
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the other. This phenomenon was attributed partly to the influence of 
lithology and partly to structural/erosional controls related to differential 
uplift. It appears that those areas that have undergone relatively strong 
uplift have a more rapid hydrological cycle and that this in turn affects 
the rate of leaching of uranium. The uranium activity in these samples was 
calculated from the formula 
= + 3pH. 
Anomalies defined by the calculated uranium activities showed a much 
closer correspondence with known autunite deposits than the simple ~g/1 
concentrations of metal did. It could also be shown that all autunite 
deposits above the present water table were losing uranium to groundwaters 
whereas those below the water table were apparently still actively growing. 
In this paper Dall'Aglio gives some information about the behaviour 
of uranium in the saline waters that occur in very arid regions and which 
are probably responsible for the uranium mineralization found within the 
calcrete mantle in certain of these areas. The example he uses is the 
calcrete* carnotite deposits of the Yeelirrie Basin in Australia. Uranium 
concentrates strongly in evaporating solutions (Figure 5, page 204) and is 
not removed unless organic matter or clay minerals are present to cause 
reduction or absorption. Organic matter is often scarce under these extreme 
desert conditions because of the small supportable biomass. It is notable 
that vanadium is not as mobile as uranium under these conditions and that 
the accumulation of V in the evaporation sequence is not a certainty. 
The author's work on evaporating brines (Dall'Aglio and Casentini, 
1970/907/) has confirmed that this process of uranium accumulation proceeds, 
* Sanders /908/ gives an account of the hydrogeology of calcrete formations 
in Australia. 
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literally, to the bitter end. The metal is concentrated in the final bitterns 
of salt ponds and is not carried down by the precipitation of either gypsum 
or halite. However, it will be readily removed from brines by either clay 
minerals or organic substances. 
Despite the knol-m importance of seasonal fluctuations in the chemical 
composition of groundwaters the number of research publications on this 
problem is rather small. Dall'Aglio and Giannotti provide a useful dis-
cussion of the subject in their paper dealing with the distribution of 
certain elements in springwaters near the Casaccia Nuclear Centre in Italy 
0967/910/). Measurements made three years apart showed significant changes 
in TDS and in the relative proportions of the major components of the spring-
waters. The concentration of uranium also varied (Figure 6) but the overall 
distribution of U/TDS ratios did not show too much scatter (Figure 7). The 
abundances of B and F also changed during the three year period. The authors 
noted that the mobility of boron is very high and that it is not greatly 
affected by changes in Eh. The concentration of fluorine appeared to be 
++ inversely proportional to [Ca ]. 
In another publication (1971/888/) Dall'Aglio examined the causes of 
false uranium hydrogeochemical anomalies that occur in metamorphic basement 
rocks in the Italian Alps. Here ~he abundance of the metal in rocks averages 
5 pg/g and no deposits are known to occur, yet pronounced concentrations of 
uranium are encountered in some spring waters (10 ~g/1, equivalent to 
100 ~g/g in the dry residue). These springs have a shallow, rapid circulation 
and are cold, alkaline (pH 8), oxidizing, very dilute (TDS about 100 mg/1) 
and relatively rich in CaHC03. Some sulphate is contributed by the weathering 
of pyrite but there ~s generally no large-scale hydrogeochemical attack on 
rock minerals. The U/TDti ratios of these northern Italian waters are there-
fore extremely high (Figure 3). This is a marked exception to the rule that 
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Fig. 3. Uranium contents vs. electrical conductance values. 0 represents water 
saanples from the Venos;ta Valley, e represents water samples from the Novale di 
Soi Croek. Numbers in cirdos refer to leaching tests carried out on various types 
of rock samples, as follows: 50 g of rock, ground to minus 1 mm were continuously 
stirred with GOO ml of distilled water. After 33 hr of mixing, the waters wore 
filtered and analyzed. The dashed line represents the regression analysis of 
uranium contents on the electxical conductance values. This calculation was 
carried out by means of an especially prepared computer program· (see text). This 
rogrossion analysis is based on more than 4000 water samples from many 
Italian regions. Each point Of the regression curve is the mean value of 100 
u.nalyzed water samples. This curve represents the "normal" processes of uranium 
dissolution in the environmental conditions of Italy. These data show that the 
ratio uranium/conductance is much higher than normal in the water samples from 
the Novale di Soi Creek, and that the leaching tests furnished the highest values 
of the above ratio. 
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"uranium contents in natural waters tend to increase as the waters mature 
~n the hydrological cycle", i.e. as TDS and electrical conductance rise with 
progressive rock weathering and dissolution. Leaching experiments showed 
that the uranium in the country rock occurs in a very soluble form. Dall'Aglio 
implies that the rapid dissolution of uranium from these rocks may be ~n some 
way linked to the concomitant release of sulphate. 
Rose and Keith (1976/1110/) reported an investigation of the stability 
of uranium in hydrogeochemical samples. A small degree of adsot;ption onto 
the walls of plastic vials was noted. Filtration caused a 10 - 20% drop in 
[U]. They noticed severe seasonal effects on-the concentration of the metal 
in natural waters. Within a year the amount of uranium in a spring near a 
uranium occurrence at Penn Haven Junction, Pennsylvania, dropped from 14 to 
0, 2 J.!g/1. However, the value did not rise again and "so the effect is not 
a simple seasonal one. The temporal decrease of U in water is not related 
to any decrease in conductivity of the water, so the decreases do not appear 
to be a simple dilution ..... An obvious interpretation of this pattern is 
that U is appreciably leached from the ores only during dry periods" (not 
necessarily occurring every year) "when groundwater levels are relatively low". 
Butler (1969/926/) reviewed the relationship between subsurface waters 
and the sandstone uranium deposits of Wyoming. It is this author.'s opinion 
that the most powerful single factor controlling the large-scale movement 
of dissolved species in groundwater is gravity. Figure 1 (reproduced from 
Domenico et aZ. /927/ is a useful idealized representation of the broad 
patterns of groundwater movement in a river valley in an arid area (Las Vegas). 
Butler observes that "there were flowing springs near the centre of Las Vegas 
valley, although surface runoff rarely reached that far. The water discharged 
by these springs moved upwards from hundreds of feet :i.n depth transversely 
to the stratification". Clearly, one would have to be very careful about 
the interpretation of chemical data from such springs, 
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It is Butler's v1ew - and one shared by many other writers (e.g. /541, 
928/) - that uranium in groundv1ater "may serve as a general guide to an 
area in which deposits occur ..... (but) is, however, a very uncertain guide 
to the deposits themselves". One of the principle problems in groundt.Jater 
hydrogeochemical exploration is the variation in the background value, which 
may change both laterally and vertically. For example, water in the vicinity 
of deep uran1um orebodies 1.n the Shirley Basin of Wyoming have no more. 
uran1um than the waters from barren overlying formations that have suffered 
a higher degree of oxidation. It is impossible to say whether the uran1um 
in the water of the barren formations represents an anomaly related to the 
deeper ore, or whether the metal has merely been leached from disseminated 
uraniferous matter in th2 zone of oxidation. Despite these problems, the 
author believes that the background value for uranium in groundwaters 1n 
Wyoming may be set at 5 ug/1, and the anomalous threshold at 10 ug/1. lle 
notes a proposal that had be~n made by Cheney and Jensen (1966/929/), to 
the effect that sulphate anomalies, at a threshold value of 450 mg/1, were 
a possible ore guide in Wyoming. However, he presents data that show that 
this hypothesis is invalid and that it is statistically impossible to relate 
areas of high sulphate and high uranium with any confidence. 
A major uranium exploration survey (National Uranium Resources Exploration 
or NURE program) has been in progress in,the U.S.A. since 1973 and some of 
the groundwater hydrogeochemical data is becoming available in the form of 
preliminary reports /874-8/. The aims of the project have been described 
by Ferguson and Price (1976/1109/). Little of the data has been thoroughly 
interpreted yet by the workers responsible for the program but the project 
obviously has great potential because of the vast scale on which it is being 
planned. Neutron activation techniques have made possible, for the first 
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time, the determination of a very wide range of unusual elements in 
groundwaters at concentr~tions as low as a few nanograms per litre. Some 
representative data are compiled below for spring and well waters from the 
Winnemucca Dry Lake Area: 
u o, 1 57 Jlg/1 Mo 6 120 Jlg/1 
804 19 - 40 mg/1 Sr 15 - 600 j.lg/1 
Sb 30 - 200 ng/1 Ta about 70 Jlg/1 
As 2 20 Jlg/1 Th 10 - 100 ng/1 
Ba 3 60 Jlg/1 w 0' 7 2 Jlg/1 
Br 2 40 Jlg/1 y about 25 !Jg/1 
Cr 0,6 2 j.lg/1 Zr about 280 Jlg/1 
Co 16 - 354 ng/1 Fe 50 - 260 !Jg/1 
Au about 0,7 ng/1 
The NURE program includes special wellwater projects, with seasonal 
variation studies. The data thus far collected indicate that in some areas 
at least (for instance the eastern U.S.A.) "ground water is an excellent 
indicator of regional trends in uranium mineralisation". In some regions 
with high background values uran~um anomalies were in fact detectable only 
by hydrogeochemical methods /878/. It is estimated that in some areas 
the composition of a groundwater sample is representative of about one 
square kilometre of rock. The program has scheduled 100 000 wellwater 
samples by 1981. 
Some of the NURE publications (e.g. /878/) include useful appendixes 
on sampling procedures, sample handling, equipment etc. 
Hydrogeochemical exploration for uranium in Canada became important 
~n the early 1960's and has subsequently grown rapidly /821, 824-5, 828/. 
Chamberlain (1964/821/) recorded the results of the first major Canadian 
hydrogeochemical study of uranium, which took place in the Bancroft-Haliburton 
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area and included some sampling of groundwaters. Here the uranium 
occurrences are related to syenitic rocks and there is a fair but not 
foolproof association between zones of syenite and bodies of uraniferous 
waters. Waters emerging from uraniferous ground contained 200 to 500 ~g 
U/litre. 
Dyck 1s one of the leading Canadian writers in this discipline and 
he has recently produced a fine summary of the role of groundwater ~nalysis 
1n uranium prospecting (1975/879/). He believes that uranium is perhaps 
the most mobile of all trace elements. Dissolved uran1um complexes strongly 
with carbonate, sulphate and silicate in basic, acidic and neutral waters 
respectively and is immobilized by organic matter. It may be that organic 
matter is the principle cause of the concentration of the metal in sedimentary 
rocks. 
Dyck has summarized the most important practical findings of several 
major Canadian hydrogeochemical projects. In the Beaverlodge area the 
hydrogeochemical data had to be corrected for the effect of organic matter 
and uranium background values were observed to be far higher than normal 
in tracts underlain by carbonate rocks. Dyck reported that "uranium may 
disappear into the wall of bottles upon long storage". He notes that the 
following criteria will be of help in assessing hydrogeochemical anomalies: 
(i) An 1ncrease 1n [U] to three times background or more. (ii) An increase 
1n the concentrations of elements "such as Mo, Ph, Cu, Zn, As, P and V". 
(iii) "A sharp rise in concentration (of U) after a rain ..... up to ten 
times" (normal). It is useful to know the rate of turnover of groundwaters 
(i.e. surface to ground recycling) and both TDS and [0 ] can be used to 
2 
estimate this rate. 
. -~.·· 
Dyck et aZ. (1976/897, 1142/) described the results of wellwater 
reconnaissance orientation surveys in southeastern Saskatchewan. They 
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explain that this method of exploration is relatively new ~n Canada because 
surface waters are abundant over much of this nation. However, in Saskatchewan 
"extensive overburden has made it difficult or impassible to detect uranium 
mineralization in bedrock by the conventional ..... tests". Fortunately "wells 
penetrate the overburden in many places and therefore can serve as windows 
to see deeper". About 1000 groundwater samples were collected from an area 
of 17900 km2 and the aim was to keep the sample density at one per 13 km2 
Uranium, Rn, F, o2 , Eh, pH, alkalinity and conductivity were determined or 
measured. Uranium concentrations of up to 240 ~g/1 were encountered but were 
not regarded as representative of "ore grade environments". The waters are 
alkaline and the uranium anomalies were attributable to the weathering of 
radioactive coal seams. The distribution of [U] in the samples was quite 
regular and it was possible to contour the datawithout too much trouble. 
Background values varied in different lithological formations and the 
chemistry of the spring samples and the well waters could be equated. It 
is important to note that the composition of the groundwater changes with 
depth. This ~s in accordance with the established principle of decreasing 
6+ 4+ Eh with depth, which leads to reduction of U to U . 
Dyck et aZ. (1976/1111/) recorded the results of additional regional 
wellwater reconnaissance surveys in eastern Canada. They found that U, Rn, 
He, F, conductance and alkalinity show systematic patterns indicating broad 
belts of regional enrichment of uranium. The distribution of Zn, Cu, Pb, Mn 
and Fe "is more spotty than that of the uranium elements". Most of the 
observed anomalies can be correlated with known mineralization. They noted 
that in eastern Canada, as in Saskatchewan (vide supra), changes ~n the depth 
of wells was an "important cause of data distortion. One should ~n principle 
produce three-dimensional maps. In practice that would require much greater 
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sample densiti~s ..... and would involve the expense of drilling new holes". 
The sampling density here, as in the Saskatchewan project, was one per 13 
square kilometres. The authors observed that the contrast between anomalies 
and background levels was higher in groundwaters than in stream sediments in 
this region. This was especially true for uranium in those areas with waters 
of high alkqlinity. 
Jonasson and Gleeson (1976/893/) used spring waters (inter alia) in a low 
density, helicopter supported reconnaissance survey of uran1um potential in 
parts of Yukon Territory. The elements determined were U, Zn, Cu, Ph, Fe, Mn, 
F, Cl, Si and sulphur. The best pathfinders appeared to be U, F and Zn, with 
Cu and sulphate ion showing promise in certain areas. Lead was not useful. 
Waters from old adits were very metalliferous if the pH was below 6. The authors 
found that springs only 100 ft. apart yielded waters that were radically different 
in trace element composition. They noted that uranium in spring waters was 
more stable than Zn or Fe but that iron oxides or hydroxides had a definite 
scavenging effect on the dissolved uranium. 
Darnley (1975/887/) et az. chose subsurface waters as the principle sampling 
medium for uranium prospecting in areas of thick overburden and flat-lying 
sediments in the Federal Canadian Uranium Reconnaissance Program. They proposed 
to use Dyck's methods /879/. Several other publications /894-6/ deal briefly 
with the preliminary results of the Canadian wellwater sampling project. 
Fauth (1973/1085/) described a large-scale, low-cost hydrogeochemical 
operation in the Black Forest of Germany during which 5000 spring-, well- and 
surface waters were sampled and analysed for uranium by polarography. Data 
were fed to a computer via a digitizing table and interpreted by means of 
frequency distribution diagrams and trend surface analysis up to the seventh 
degree. The latter approach yielded poor results, whereas simple inspection 
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often revealed important anomalies. There was in fact little problem with 
the interpretation of the data from these relatively fresh waters, in which 
the background value for uranium was about 0,5 ~g/1 and the threshold was 
3,0 ug/1. All known uran1um occurrences were delineated by the hydrogeochemical 
data and some new anomalies were revealed but this information was inadequate 
for a detailed assessment of the size or grade of the new finds. Nevertheless 
these positive indications were important, as they had been missed by radio-
metric surveys. 
Southern Africa lS one of the principle uran1um provinces of the world 
and so it is not surprising to find that large-scale hydrogeochemical explor-
ation programs have been in operation here for the last few years. The sub-
continent is generally rather arid, with few perennial streams and so sampling 
is restricted almost entirely to groundwaters. Over the years a number of 
publications had appeared (e.g. /228, 1012-3, 1017/ that dealt with relevant 
aspects of the chemistry of groundwater in this reg1on but true hydrogeochemical 
prospecting studies were unknown before 1968 or 1969. Almost all of the 
effort made 1n the past ten years has been directed towards the search for 
uranium. Most of the data accumulated to date is unpublished but some reports 
have appeared in Geological Survey publications and elsewhere (e.g. /993-4, 
1000, 1005, 1015-6. 
Hambleton-Jones (1976/990/) studied the geochemistry of some subsurface 
waters of the Namib desert in a uraniferous area near the Swakop River. The 
deposits here occur in duricrusts and were apparently formed as the result 
of precipitation of uranium from groundwater. The authors' aims were, inter· 
aLia, to establish hydrogeochemical prospecting criteria for such ores and 
to elucidate the mechanisms of uranium migration in very arid environments. 
Some typical data are compiled in the following Table (page 216). Some 
216. 
MEANS AND RANGE OF CONCENTRATIONS OF IONS IN SUBSURFACE WATERS 
FROM THE NAMIB DESERT FOR 31 SAMPLES 
(AFTER IWffiLETON-JONES /990/) 
MEAN MINIMUM MAXIMUM 
pH 7,7 7 ,o 9,2 
Cond (ppm) 5 933 1 800 18 500 
TDS (ppm) 4 306 1 130 15 285 
Na (ppm) 721 136 3 480 
K (ppm) 49 6 340 
Ca (ppm) 512 118 1 638 
Mg (ppm) 142 49 431 
u (ppb) 81 6 342 
v (ppb) 27 3 79 
Sr (ppb) 5 754 826 47 772 
Ba (ppb) 271 31 766 
so4 (ppm) 585 89 1 596 
N03 (ppm) 54 2 165 
Sio2 (ppm) 28 10 40 
F (ppm) 1,2 0,4 3,5 
C1 (ppm) 1 639 340 7 700 
co3 (ppm) 130 54 219 
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analyses of Pb, Cu, Ni, Ag and Zn were performed but these values all fell 
J.n the lower part of the ]..tg range and did not correlate with [U]. 
The present-day waters 1n this area are Na-K-Cl or Na-Ca-Cl-SO brines 
4 
l.n which the concentrations of some components such as K and U vary widely. 
These waters are saturated with respect to calcite but are depleted in 
magnesium. The concentrations of most components increase with TDS. Samples 
were collected over a wide area and from bedrock formations of several 
different lithologies. The data were interpreted with the aid of a multivariate 
discriminant analysis program (BMD07M). This showed that the samples were 
readily separated into four groups on the basis of the concentrations of U, 
Na,carbonate and sulphate. However, the samples in these groups were not 
rationally distributed within the study area - there seemed "to be no unJ.-
formity in the distribution of the samples in their groups". The author 
believed this to be due to differences in the depths of the boreholes that 
\vere sampled, sJ.nce adjacent holes did not necessarily tap the same body of 
water. In this manner the true rational relationship that exists between 
water chemistry and rock lithology 1s disguised. Calculations showed that 
most of the mass of dissolved ions present could have been derived from the 
destruction of rock minerals, especially feldspars. The author believed that 
this destruction was promoted by the repeated passage of ephemeral, meteoric 
waters, which are rich in carbon dioxide and chemically reactive. On the 
other hand, the relationship between dissolved uranium and the content of 
the metal in calcretes and soils is unambiguous. They are generally very 
\vell correlated - although there are naturally some exceptions - and the 
threshold value for waters associated with "zones of potentially high uranium 
concentration11 is 30 pg/1. 
The concentration of uranium correlated closely with [co;] 1n all waters 
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and in one group it was also clearly related to pH. For these particular 
samples the relationship 
(c
1 
to c3 are constants) 
was obeyed very well. Why this was not true for all the waters is not clear. 
The author discussed some of the reasons for the precipitation of uranium 
and the formation of the duricrust ores. It was his opinion that the vanadate 
~on is a very important cause of the dissociation of the uranylcarbonate 
complex ~n these \..raters. 
In his discussion of the possible application of these observations in 
regional groundwater hydrogeochemical reconnaissance, Hambleton-Jones stressed 
that uranium analyses and other chemical data will be practically useless 
without some geological and/or hydrological controls. Mass or "blanket" 
sampling of vast areas is no substitute for these controls and will not 
prove to be the exploration geochemist's panacea. He notes, for example, 
that it is now conceded that the.vast ERDA program, conducted on the "blanket" 
principle in the U.S.A. in 1975-6, was somewhat less than successful and was 
being revised and scaled down. It is preferable to work from the specific 
(i.e. small integral units) to the general, larger unit. 
Hambleton-Jones also furnishes a lengthy discussion of the use of 
uranium isotopic ratios in water as a guide to mineralization. 
Beeson (1977/991/) correlated most of the available data on seasonal 
variations in the uranium content of groundwater from the Beaufort West area* 
of South Africa. A set of fifty-one boreholes in this area was sampled on 
three separate occasions. Sample set A was collected "at the end of a 
relatively dry summer, when ground water levels were quite low" (April-May 1975). 
* This area is widely referred to as "the Karoo". 
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"Little rain fell between (the collection of sets) A and B and the ground 
water table remained fairly stable" (November 1975). "The period from 
December 1975 to March 1976 was one of the wettest in recent years, and 
ground water levels rose sharply and remained high ..... until the final 
sampling project C" (Dec. 1976 to Jan. 1977). It was Beeson's opinion 
that these sample sets "encompassed the likely extremes of seasonal variation, 
and as heavy rain fell during each sampling project, it must include all· 
of the possible short term variations that will effect (sia) the trace 
element concentration of the ground water". The three sets of data also 
include the extremes of probable analytical variation, because the analytical 
method was changed before the samples in sets B and C were processed. The 
results of this study are best illustrated by example (Table 3). The data 
are quite encouraging in that there are no radical temporal changes in (U]. 
However, some individual changes are significant and. could adversely influence 
the reliability of sets of data collected over a long period. 
In a separate study in the same region, Beeson (1976/992/) made the 
important observation that the background concentration of dissolved uranium 
was dependent upon topography. In the mountainous escarpment areas of 
active recharge and young waters the value is about 5 1-1g/l, but in the lower-
-lying, flat areas below the escarpment, where well-travelled, older waters 
occur, the background [U] is as high as 30 1-lg/1. 
Additional reports on the distribution of uranium in groundwaters at 
Beaufort West were prepared by Murphy (1977-8/995-6/). Over 600 samples 
were collected from farm windpumps within a large area around this town, 
and the data show three major regional.populations of uranium values. In 
Murphy's opinion the patterns of distribution of data reflect the influences 
of "topography, geology, pydrology and groundwater chemistry". The effect 
TABLE 3 URAN!UH VALUES OBTAINED DURING REPEATED SAMPLING OF BOREHOLES . -. ' ~-------
IN PP8 
Date of April Nov. Dec. r~ean 
Sampling 1975 1975 1976 
§.!3mple No. 
MC 61 2,0 3,8 3,5 3,1 
MC 4 4,0 2,6 5,4 4,0 
MC 64 4,0 5,5 6,1 5,2 
MC 75 8,0 9,3 5,0 7,4 
t4C 65 2,0 1 'l3 3,2 2,3 
MC 66 2,0 1,9 3,5 2,5 
MC 6? 2,0 2,2 6,4 3,5 
MC 5 4,0 7,1 6,7 5,9 
MC ? 2,0 1,6 3,5 2,4 
MC ?4 4,0 3,1 5,6 4,2 
f'IG Bl• 40,0 22,0 19,1 27,0 
t~G 101 14,0 15,9 1?,? 15,9 
MG 122 8,0 10,9 13,8 10,9 
MG 118 33,0 31,2 27,0 30,4 
t-1G 115 34,0 40,3 50,0 1¥1,4 
MG 125 2,0 0,8 1,1 
... . 
I t • 
t1G 4 24,0 14,3 12,2 16,l 
MG 1 10,0 16,4 10,9 12,4 
r~G 106 18,0 23,1 19,6 ' 20,2 
MG 25 32,0 31,9 37,0 33,6 
MG 22 20,0 45,4 54,0 39,8 
fi1K 8 15,0 24,2 18,5' 19,2 
MK 9 13,0 17,4 19,8 16,7 
~1K 6 4,0 5,7 4,9 4,9 
MK ? 18,0 1?,2 19,6 18,3 
MK 5 2,0 7,5 8,6 6,0 
1·1K 4 4,0 8,5 8,6. 7,0 
~1K ?9 24,0 19,8 20,9 1 21,6 
MK ?? 10,0 12,1 12,3 11,5 
MK ?6 12,0 16,4 '15, 7' 14,7 
~111 ?5 18,0 19,3 13,1 16,8 
m1 ?4 7,0 11,9 13, 1, 10,7 
MK 122 8,0 13,5 6, 5i 9,3 
MK 110 9,0 15,0 14,S 12,8 
MK 108 3,0 12,3 4,0 6,4 
t·1K 111 3,0 9,0 B, ~~ 6,8 
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of topography is paramount and the concept of a "sliding scale" background 
value must be applied to data from regions of differing relief (Table 2). 
There are naturally some areas that do not fit the general pattern, and 
variations* and trends occur on a small scale within all three major zones. 
Geohydrological studies have helped to explain this phenomenon, which is 
attributable to the ageing of waters moving down from the mountainous escarp-
ment and into the lower plains. "Young meteoric water from the high relief 
areas (have) a short residence time in these rocks, and there is little time 
for salts and minerals to be dissolved. On entering very low relief areas 
..... because of the lower pressure head and gradient ..... they are in 
contact with salts and minerals for a much longer period. Consequently 
the amount of dissolved salts normally increases with .the age of the ground-
water". A complicating factor 'is the presence in this region of dolerite 
dykes that form compartments that sharply separate groundwaters of different 
quality and therefore different background concentrations of uranium. Murphy 
feels that the interpretation of the data is hindered by a lack of knowledge 
of the drilled depth of boreholes and the position within them of major 
aquifers. 
Upon taking all of these facts into account (as far as possible) and : 
interpreting the data. subjectively by plotting them on 1:50 000 topographic 
sheets, several anomalies were apparent. Some are related to known uranium 
mineralization but others are not and are still to be investigated. The 
data were also examined statistically by plotting logarithmic cumulative 
frequency curves for the various sample subgroups (Figure 2). These curves 
show that the distribution of uranium is indeed controlled by topography and 
that [U] is approximately lognormally distributed within each topographic 
group. 
* For example, U background values appear to be enhanced in areas covered 
by calcrete. 
TABLE 2 : SUMMARY STATISTICS OF URANIUM CONCENTRATIONS IN'GROUNDWATERS 
IN THE THREE TOPOGRAPHIC REGIONS 
REGION I 
Moderate to 
high relief 
!REGION 2 
Gentle to 
ILow relief 
' 
REGION'3 
No of samples 
130 
441 
Geometric Mean 
ppt 
4.8 
14 
x + 1 s.o. 
ppb 
?,4 
25 
X + 2 S.D. 
ppb 
13 
44 
l 
Very low relief ! 63 I ~1- I 64 I 100 I 
jTOTAL POPULATION I 634 I 12 --~-~ 28 64 
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FIGURE 2 
Cumulative frequency curves for Groundwater Uranium content In the Beaufort West Region. 
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Murphy feels that the very high mobility of uranwm 1n the Karoo will 
make it rather difficult to track anom~lies, and suggests that the routine 
chemical surveys might be coupled Hith measurements of Rn or Ra in order 
to give the method more focus. This possibility has not yet been investigated. 
The author also points out that highly reducing waters have occasionally 
been encountered in the Karoo - although the bulk of the shallow groundwater 
here is undoubtedly ~;..rell oxygenated - and that the significance of these 
"black waters" ought to be very carefully assessed when they are encountered 
during hydrogeochemical sampling. Marchant (1978/997/) showed that these 
"black waters" consist of suspensions of reduced Fe-Mn compounds, which 
are poor in organic matter but relatively rich in Ti, Cr, Ni, Cu, Zn, Sr 
and tin. 
Brunke (1977/1007/) conducted groundwater hydrogeochemical orientation 
studies around uran1um deposits 1n the Karoo. His thesis is a document of 
nearly two hundred pages and it cannot be adequately reviewed here. His 
principle conclusions may be summarized as follows: (i) Of the many elements 
examined in these waters, only U and Mo appear to hold any promise as 
indicators of uranium mineralization. (ii) On the local scale the correlation 
between the groundwater anomalies and known deposits is sporadic. The reasons 
are not yet fully understood. (iii) [Mo] is not as dependent upon [TDS] as 
[U] is, but is nevertheless the less reliable of the two indicators. (iv) 
[U] is highly dependent upon TDS, and [U]/electrical conductance ratios must 
be used to normalize all raw [U] data. In addition, waters must be subdivided 
on the basis of topographic factors, and each subgroup must be assessed in-
dependently. (v) It 1s necessary to stretch the sample coverage to the 
maximum by making use of every single groundwater source. Single-hole 
anomalies are common. (vi) It appears that [U] in anomalous waters is more 
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subject to seasonal variation than [U] in background waters. This phenomenon 
is well-known in other parts of the world. "A rise in water level may 
initially leach substantial amounts of oxidized ore ..... before the U content 
tails off to an equilibrium abundance level". Thus [U] in water in unmineral-
ized rock may vary between 5 and 10 ~g/1 over one year, but in an anomalous 
water it could vary from 7 to 50 ~g/1 during the same period. It will obviously 
be difficult to make practical use of this fact for purposes of regional 
reconnaissance but it could be used to "zero in" on groups of boreholes that 
are suspected of yielding anomalous waters. (vii) Water migrating down-slope 
changed significantly in composition within a few hundred metres, but was 
remarkably homogeneous over a profile depth of up to 80 m at any given point 
along the traverse. 
Some hydrogeochemical prospecting for uran1um 1n the Northern Cape has 
also been reported /998-9/. Wilkenson (1977/998/) de-scribed a project in 
which 216 wellwater samples were collected from this granitic, desert area 
and analysed for uranium by delayed neutron counting /993/. The survey was 
part of an attempt to follow up airborne radiometric surveys, and was adopted 
because it was clear that certain secondary radioactive anomalies must have 
been produced by the movement of subterranean water. The concentration of 
uranium varied from 0 to 356 ~g/1, with a mean value of 53 llg/1. Ten samples 
had concentrations in excess of 150 ~g/1. The high values appeared to be 
randomly scattered and boreholes within a short distance of one another 
yielded widely varying concentrations. There appeared to be no correlation 
between the hydrogeochemical anomalies and the radiometric highs. There was 
also no simple relationship between the uraniferous waters and local lithology 
or known occurrences of mineralization. There was, however, some evidence 
of a complex relationship between topography and [U]. It is clear that the-
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hydrogeological phenomena 1n operation here are highly complex and will 
not be unravelled without substantial additional work 1n the reg1on. 
4 • 6 THE FUTURE 
The most important advances in the immediate future are most likely 
to be in the field of data interpretation. Thlit:~ it·'little doubt that the 
next few years will witness a "quantitative revolution" 1n hydrogeochemical 
exploration. Very sophisticated computer techniques will be used to perform 
statistical analyses of regional data and to examine background and anomalous 
values in terms of complex, simultaneous solution/mineral equilibrium 
phenome~a. Several recent publications /841-3/ indicate that a start has 
already been made in this direction. The observations of Hitchon (1976/843/) 
are particularly relevant: "The subsurface situation is one of potential 
continuous fluid-rock interaction as the mov1ng fluid 1s chemically and 
physically equilibrated and then re-equilibrated as it passes rocks and 
4: 1~ 
environments of differing chemical and physical properties ..... As we 
become more sophisticated 1n our approach to fluid-rock interaction it 
will be possible to consider solid, liquid and gaseous organic phases 
reacting among themselves and with theinorganic phases. In both the inorganic 
and organic systems it should be possible, ultimately, to take into account 
stable and radioactive isotope transfers ...... There exist the possibilities 
of equilibrium reactions incorporating irreversible changes, such as may 
occur 1n weathering, diagenesis and evaporative concentration, osmotic and 
ion exchange phenomena with clay minerals, the non-ideal behavior of the 
gas phase, incongruent reactions, chromatographic effec.ts, volume changes 
......... 
in the fluid phases or due t<;> the precipitation or solution of reacta.nts, 
and of course, the possibility of partial or local equilibrium 
\: 
" .• 
~· .. 
The 
I 
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computed CGuilibrium is independent of time c:md represents a static case, 
that is, given sufficient time, the equilibrium state •.••• will be reached 
eventually. Hm·Jever, as prE:viously noted, the subsurface circuit is a 
system in dynamic e'quilibrium, both with respect to fluid flow and fluid 
chemistry •.•.• A start has been made ••••• to link hydrody-namics and 
hydrochemistry by developing a partial equilibrium simulation model of the 
chemical state of a regional· groundwater flow system that iricorporates mass 
transfer :tates and reaction kinetics. These valuable initial steps TA'ill 
undoubtedly lead, before the end n.f this decade, to comprehensive, powerful 
computer programs that can completely simulate the hydrodynamic and hydro-
chemical equilibria present in tl1e subsurface circuit, both for inorganic 
and organic parameters ••••• (There is an) extreme need for a new approach 
to the sampling and analysis of waters so that they are compatible to the 
sophistication of the present computer programs for mirteral solution equi-
libria. It seems highly likely, in my opinion, that the most relevant 
approach to exploration for mineral deposits through examination of fluids 
might be statistical analysis of regional mineral solution equilibria data -
for example, a trend surface analysis or map of factor scores using mineral 
saturation equilibria data as the input. This should be regarded as a minimal 
effort, which can be supplemented later, when the more advanced hydrodynamic-
-kinetic reaction models ••••• become available, as they surely will". 
·, 
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NOTES ON THE REFERENCE LISTS 
(A) The abbreviations used in the reference lists are, by and large, 
those defined in the following publication: 
(B) The lists of references have been produced by a line printer and 
consist of two parts: 
1. Sequential listing of publications according to the reference 
tag number used in the text. 
2. Alphabetical listing of publications according to the names 
of the author or authors. The sort program used gives a higher 
priority to an ampersand than to a comma. Therefore, for example, 
BOYLE, R.W. & SMITH, A.Y. is found before BOYLE, R.W., ALEXANDER, 
W.M. & ASLIN, G.E.M. References were sorted on the basis of the 
first few words only. Very similar reference titles by any one 
author or group of authors may not be in strict alphabetical order. 
No attempt has been made to adopt a standard form for an author's 
name in those cases where the name appears in the literature in 
more than one form. For example, iook for KRAINOV under KRAINOV 
or KRAYNOV. 
(C) The line printer used cannot reproduce quotation marks ("). This 
appears in the reference lists as the symbol 
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